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Plants perceive seasonal changes in day length in leaves and 
consequentially trigger long-distance signaling to induce flowering at the 
shoot apex. In A. thaliana, part of the mobile flowering signals called 
florigen has been identified as the FLOWERING LOCUS T (FT) protein, 
which is induced by the nuclear protein CONSTANS (CO) in response to 
long-day (LD) conditions. Here we report that a heavy-metal-associated 
(HMA) domain-containing protein, SODIUM POTASSIUM ROOT 
DEFECTIVE1 (NaKR1), is also induced by CO under LDs, and plays an 
important role in FT transportation. Loss of function of NaKR1 results in 
extremely late flowering only under LDs. Furthermore, NaKR1 shares 
similar mRNA expression and protein subcellular localization patterns with 
FT, and it also interacts with FT in planta. Finally, we demonstrate that 
NaKR1 acts as a chaperone required for FT long-distance movement from 
the leaf vasculature to the apex between donor and recipient plants. 
These results suggest that NaKR1 is required for FT long-distance 
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Flowering time literally refers to the timing of flowering, and flowering at 
the most appropriate time of the year is a prerequisite for reproductive 
success. Through decades of observation and research, plant scientists 
know that as to higher plants, it is one of the most important determinants 
for their geographical distribution and regional adaptability. Recently, 
advanced genetic and molecular studies in the model plant Arabidopsis 
thaliana (hereafter referred to as A. thaliana) and many other crop species 
have further shown that the right timing of flowering is concisely and 
strongly regulated by both environmental and endogenous cues via 
multiple correlated flowering time pathways (Jung and Müller, 2009; 
Srikanth and Schmid, 2011; Andres and Coupland, 2012). Thus, 
manipulating the seasonal timing of reproduction during crop breeding 
becomes an alternative way to create new varieties with better regional 
adaptability and higher yield potential, which allows us to meet the world's 
growing demand for food resulting from changing climatic conditions and 






1.1.1 Floral induction: A key transition throughout the life cycle of 
higher plants 
 
Flowering plants undergo several major physiological changes to 
complete a whole life cycle (Bäurle and Dean, 2006). Taking the 
angiosperms, A. thaliana, as an example (Figure 1), seeds resulting from 
double fertilization break dormancy in the post-embryonic development to 
germinate under proper conditions, which marks the first remarkable 
embryonic-to-postembryonic transition (Finch-Savage and Leubner-
Metzger, 2006). Successful seed germination determines subsequent 
seedling growth and establishment by entering into the vegetative phase, 
where young seedlings have increased in number and size of rosette 
leaves produced by vegetative shoot apical meristems (SAM) subtended 
by leaf primordia (Araki, 2001; Gonzalez et al., 2012). Without floral 
stimulus or favorable environmental conditions, plants are timed to avoid 
floral induction and remain in the vegetative phase to prevent reproductive 
failure. In other words, the floral transition is an irreversible switch for 
annual plants, such as A. thaliana and rice (Oryza sativa). Under inductive 
conditions, like long days for A. thaliana or short days for rice, the floral 
transition, the most dramatic phase change in plant development, occurs 
and marks the beginning of the productive stage, where vegetative 
meristems become inflorescence meristems (IMs). IMs initiate the 
production of floral meristems (FMs) on the flanks of IMs. Subsequently, 
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FMs are able to produce a series of floral organs, such as sepals, petals, 
stamens and carpels. After the floral transition, plants bolt and enter into 
the reproductive phase, where meiosis marks the switch to the 
gametophyte stage, and the associated formation of male and female 
gametes followed by double fertilization and subsequent embryogenesis 
of the next generation. 
 
1.2 Control of flowering time in A. thaliana: All roads lead to Rome 
1.2.1 Regulation of flowering by day length 
 
Investigation of flowering time control has been extensively performed for 
decades. Many early studies have revealed that flowering time of higher 
plants is carefully balanced by two major predictable environmental 
indicators, day length (photoperiod) and temperature (Garner and Allard, 







Figure 1 The simplified life cycle of Arabidopsis thaliana. 
The small flowering model plant, A. thaliana, undergoes several 
developmental transitions to complete their life cycle, which is theoretically 
divided into several major phases. The first is seed germination, which is 
the switch from embryonic to postembryonic growth, and it is followed by 
the vegetative stage, where seedlings produce leaves initiated by 
vegetative meristems and leaves keep expanding. Under proper inductive 
conditions, the floral transition occurs in the shoot apical meristem and 
consequently young plants bolt and enter into the last reproductive phase, 
where meiosis marks the switch to the gametophyte stage, and fusion of 






1.2.1.1 Photoperiod: The daily duration of day and night 
 
The physiological reaction of plants to seasonal variation in day length, 
namely photoperiodism, is widespread throughout the plant kingdom. It 
allows plants to adopt local adaptation to seasonal changes. For example, 
through monitoring shortening day length in early autumn, plants can 
delay flowering and prepare for low temperatures in winter ahead. 
Subsequently, by corresponding response to different photoperiods, a 
wide variety of plant species can be classified as short day plants (SDPs) 
that flower after the photoperiod becomes shorter than a critical day length, 
long day plants (LDPs) that induce flowering after day length exceeds a 
certain threshold, and day-neutral plants whose flowering is irrespective of 
day length (Thomas and Vince-Prue, 1997). Both SDPs and LDPs can be 
either obligate (qualitative) photoperiodic plants that absolutely require an 
inductive long or short enough night before flowering, or facultative 
(quantitative) photoperiodic plants whose flowering are more likely to be 
accelerated under inductive photoperiods and will eventually occur under 
non-inductive photoperiods (Thomas and Vince-Prue, 1997). For A. 
thaliana, it is a typical facultative LDP and flowers much earlier with a daily 
regime of a long light period and a short dark period (e.g. 16 h light/8 h 
dark) than with that of a short light period and a long dark period (e.g. 8 h 




1.2.1.2 The external coincidence model explains for the 
photoperiodic response 
 
Over time, how plants perceive photoperiods and trigger downstream 
events is a general question. Several hypotheses and corresponding 
explanation models were proposed by different generations of plant 
biologists. Among them, Pittendrigh, father of the biological clock, founded 
the modern field of chronobiology alongside Aschoff and Bünning 
(Pittendrigh, 1960; Pittendrigh and Minis, 1964; Pittendrigh, 1972). He 
mainly proposed the “internal coincidence” model, in which two different 
circadian rhythms were driven by the day-night cycle (Pittendrigh, 1960). 
Later, photoperiodic phenomena was explained by the interaction between 
light stimuli and the circadian clock, and the external coincidence model 
was modified in two key ways (Pittendrigh and Minis, 1964; Pittendrigh, 
1972). Firstly, the photoperiodic response is induced by the coexistence of 
a hypothetical active enzyme and a hypothetical present substrate (Figure 
2). Although the enzyme exists throughout the day, light makes the 
enzyme active. The photoperiodic response occurs only when the peak of 
the substrate coincides with the presence of the active enzyme.  Secondly, 
the timing of the substrate peak alters depending on day length due to 
changes in the timing of dawn and dusk throughout the year (Figure 2). 




Under non-inductive SD conditions, the photoperiodic response does not 
occur as the presence of dark occupies the sensitive period of the 
response. In contrast, as days lengthen with longer inductive photoperiods, 
the encroachment of light into photoinducible period of the circadian cycle 
triggers a long-day photoperiodic response. In a short summary, light 
serves two purposes: (1) to reset the circadian clock at dawn and at dusk 
every day and (2) to determine the photoperiodic response during the 
photoinducible period. Currently, the external coincidence model is most 
strongly supported by known molecular mechanisms of photoperiodism in 





Figure 2 The external coincidence model for the photoperiodic 
response. 
The external coincidence model proposes that a photoperiodic response is 
only induced under the presence of two factors: (1) a substrate whose 
level is higher than a required threshold and (2) an active enzyme that is 
present under light at the same time. The circadian clock generates the 
rhythmic expression pattern of the substrate, and the timing of the 
substrate peak alters depending on day length due to changes in the 
timing of dawn and dusk throughout the year. The seasonal day-length 
variations entrain the circadian clock each day. Under SD conditions, no 
photoperiodic response occurs as the photoinducible period. Lengthening 
days allow light to encroach on the photoinducible period, which elicits a 
long-day photoperiodic response. Light serves two purposes: (1) to reset 
the circadian clock at dawn and dusk and (2) to determine the 





1.2.1.3 Photoreceptors: How plants “see” and initiate signaling 
cascades 
 
To accurately sense the surrounding light environment, including intensity, 
wavelength, direction and periodicity, plants engage different 
photosensory pigments to control distinctive photomorphogenic and 
circadian responses (Fankhauser and Staiger, 2002). Plants mainly 
monitor the blue/ultraviolet-A (B/UV-A), red (R), and far-red (FR) 
wavebands through three known families of sensory photoreceptors, the 
cryptochromes (crys), phototropins (phots) and phytochromes (phys) 
(Figure 3) (Huala et al., 1997; Cashmore et al., 1999; Mas et al., 2000). A. 
thaliana has two cryptochrome genes (cry1 and cry2), two phototropin 
genes (phot1 and phot2) and five phytochrome genes (phyA-E) (Mathews 
and Sharrock, 1997; Cashmore et al., 1999; Briggs et al., 2001). 
Photoreceptors, crys and phots, primarily monitor the B/UV-A region of the 
spectrum, whereas phys mainly keep track of the R and FR wavelengths. 
In particular, phyA is exclusively responsible for the FR signal, while the 
other four are primarily responsive to the R signal (Quail, 2002). Once R 
light converts phytochromes from an inactive red-light-absorbing form (Pr) 
to an biologically active far-red light-absorbing conformer (Pfr), active 
phytochromes migrate into the nucleus and form a complex with 
Phytochrome Interacting Factor 3 (PIF3), a basic helix-loop-helix (bHLH) 
transcription factor (Ni et al., 1998; Martıńez-Garcıá et al., 2000). The 
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protein complex initiates and resets the circadian oscillations by rapidly 
binding to the G-box motifs in the promoter of CIRCADIAN CLOCK-
ASSOCIATED 1 (CCA1) to enhance its transcription level, which, by 
inference, actives expression of LATE ELONGATED HYPOCOTYL (LHY) 
(Figure 3) (Ni et al., 1998; Martıńez-Garcıá et al., 2000; Alabadı ́et al., 
2001). Oscillations provide output signals from the circadian clock to 
optimally coordinate the downstream process. 
 
1.2.1.4 Circadian clocks coordinate external and internal signals 
 
Over decades of studies, the circadian clock is defined as a 24-h timing 
system that sustains cellular responses and anticipates diurnal changes. 
To date, many clock or clock-associated components, consisting of the 
central oscillator, input and output pathways, have been well characterized 
in A. thaliana (Figure 3) (Hsu and Harmer, 2014). The core of the 
circadian system is the central oscillator, which is responsible for driving 
daily rhythms and entrained to day-night cycles. Input pathways integrate 
oscillator function with environmental timing cues, such as light signals, 
while output pathways are controlled by the core oscillator to regulate 
diverse processes, in this case the induction of flowering. 
 
Molecular and genetic studies of circadian-clock function in plants reveal 
that the core oscillator is composed of interlocking feedback loops. In A. 
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thaliana, two closely related MYB-like transcription factors, CCA1 and LHY, 
are essential clock proteins with highly redundant functions in mediating 
photoperiodic flowering by rhythmic control of flowering time genes at the 
transcriptional level (Alabadı ́et al., 2001; Mizoguchi et al., 2002; 
Mizoguchi et al., 2005). TOC1 encodes a nuclear protein containing an N-
terminal receiver domain of an atypical response regulator without 
essential residues, and two C-terminal motifs with transcriptional 
regulatory functions (Strayer et al., 2000). One of them is an acidic domain 
and the other one is a CCT (CO/COL/TOC1) motif conserved among the 
CO/COL and TOC1 family proteins (Strayer et al., 2000). LHY/CCA1 and 
TOC1 are major components of an interlocking transcription-translation 
negative-feedback loop. In particular, LHY and CCA1 act as negative 
regulators that repress TOC1 expression at dawn due to high expression 
levels of LHY and CCA1. Entering dusk, LHY and CCA1 transcription 
levels are progressively reduced, which makes TOC1 expression 
increased. TOC1 appears to participate in the positive regulation of LHY 
and CCA1 expression, and the high expression level of TOC1 at the end 
of day allows expression of LHY and CCA1 to rise and get to the highest 
level at dawn, starting a new cycle again. Recently, advanced studies 
have demonstrated that CCA1 and LHY flexibly modulate the input 
signaling to repress flowering under SD and LD conditions by activating 
the canonical photoperiodic pathway involving key floral accelerators, 






Figure 3 Arabidopsis photoreceptor signaling cascades and 
circadian clocks. 
Photosensory signaling cascades are initiated by perception of light by 
photoreceptors. Blue/UV-A (B/UV-A) light is prosessed by phototropins 
(phot1 and phot2) and cryptochromes (cry1 and cry2), whereas far-red 
(FR) and red (R) light is perceived by phytochromes (phyA-E). Through 
phyA and phyB, the input FR and R signals are systematically integrated 
on PIF3, which entrains the core circadian oscillator by physically 
interacting with promoters of LHY and CCA1. Simultaneous enhancement 
of LHY and CCA1 transcription levels repress TOC1 and other evening 
genes. Close to the end of day, expression of LHY and CCA1 
progressively reduces to the lowest level, which allows expression of 
TOC1 to rise and reach its highest level. TOC1 appears to induce 
expression of LHY and CCA1 to maximum levels at dawn, repeating the 
cycle again. As to the output, the circadian clock mediates flowering via 




(Mizoguchi et al., 2005). CCA1 and LHY also promote flowering under 
continuous light (LL) by reducing the abundance of the floral repressor, 
SHORT VEGETATIVE PHASE (SVP) and thereby antagonizing its 
function in negatively regulating FT expression (Fujiwara et al., 2008). 
 
1.2.1.5 The functional hierarchy GI-CO-FT in the photoperiod 
pathway 
 
By using forward genetics in A. thaliana, a genetic pathway that promotes 
flowering time specifically on exposure to LDs rather than SDs has been 
well identified. The pathway is also named as the photoperiod pathway 
(Figure 5). It is the flowering output pathway from the core oscillator, and 
genes involved in the pathway have typical diurnal transcription, resulting 
in rhythmic cycling of their protein abundance. Mutations in three of these 
genes, GI, CO and FT, cause a strong late-flowering phenotype under 
inductive LDs (Putterill et al., 1995; Fowler et al., 1999; Kobayashi et al., 
1999), whereas overexpression of each gene significantly promotes 
flowering time independently of day length (Kobayashi et al., 1999; 
Onouchi et al., 2000; Mizoguchi et al., 2005). Numerous studies underpin 
that the GI-CO-FT regulon is the signaling hub of the photoperiod pathway 
(Figure 4). 
 
GI encodes a unique plant protein predominantly present in the nucleus 
and is ubiquitously expressed throughout various stages of plant 
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development, which reflects its pleiotropic roles in multiple physiological 
processes (Mishra and Panigrahi, 2015), mainly associated with control of 
circadian rhythms and photoperiodic flowering (Fowler et al., 1999; Park et 
al., 1999; Mizoguchi et al., 2005; Sawa and Kay, 2011; Kim et al., 2012), 
stress tolerance(Kurepa et al., 1998; Kim et al., 2013; Riboni et al., 2013) 
and sucrose signaling (Dalchau et al., 2011). Being regulated by the 
circadian clock, GI transcription has a circadian rhythm with a peak 8 h 
after dawn under LD growth cycle of 16 h day and 8 h night. 4 h following 
peak transcription, the posttranscriptional level of stabilized GI proteins 
reaches its highest abundance (Figure 4) (Fowler et al., 1999; Park et al., 
1999; David et al., 2006). Diurnal regulation of GI proteins is crucial for 
timely control of daytime CO expression, together with another circadian 
clock protein FLAVINBINDING, KELCH REPEAT, F BOX protein 1 (FKF1), 
a blue light photoreceptor (Sawa et al., 2007). The similar diurnal pattern 
of GI and FKF1 expression determines the timing of GI and FKF1 
interaction formation in the long-day afternoon. This protein complex is 
formed in a light-dependent manner to mediate cyclic ubiquitin-dependent 
degradation of CYCLING DOF FACTORs (CDFs), key transcriptional 
repressors of CO (Imaizumi et al., 2005; Sawa et al., 2007; Song et al., 
2012).  
 
CO gene encodes a B-box and CCT domain-containing putative 
transcription factor and acts downstream of the photoperiodic signaling 
16 
 
pathway (Putterill et al., 1995; Suarez-Lopez et al., 2001). Controlled by 
the circadian clock and GI, abundance of CO messenger RNA oscillates 
constantly with a period of 24 h (Suarez-Lopez et al., 2001). Under LDs, 
the rhythmic expression level of CO mRNA shows a biphasic curve, in 
which the first narrow peak of the CO transcript level is reached when a 
LD ends and the second following peak occurs when the night begins 
(Suarez-Lopez et al., 2001). Gradual enhancement of CO expression from 
the late afternoon to the end of LDs is triggered upon removal of CDF 
proteins bound to the CO promoter by the function of FKF1 proteins 
(Figure 4) (Song et al., 2012). Maintaining CO expression in the late 
afternoon allows CO accumulation to quickly activate FT expression in 
leaves to reach the subsequent peak at dusk of LDs (Takada and Goto, 
2003; An et al., 2004; Wigge et al., 2005), which elicits the photoperiodic 
flowering response via subsequent translocation of FT proteins to the 
shoot apex (Figure 4) (Corbesier et al., 2007; Jaeger and Wigge, 2007a; 
Mathieu et al., 2007). In contrast to LDs, CO expression is out of phase 
under SDs and the peak time of CO expression occurs during the night 
(Suarez-Lopez et al., 2001). The induction of CO expression essential for 
promotion of flowering under LDs but not SDs is due to the fact that 






      
Figure 4 The GI-CO-FT regulatory module in the hub of the 
photoperiod pathway. 
The plant circadian clock controls the rhythmic expression of CDF1, GI 
and FKF1, allowing rhythmic accumulation of their proteins (the upper 
panel). In the morning of long days, high abundance of CDF1, a 
transcriptional repressor of CO, binds to the promoter of CO and 
maintains the low CO expression level. In the afternoon, expression of 
FKF1 and GI peaks and coincides with formation of the FKF1-GI complex, 
which in turn targets CDF1 for degradation and facilitates the induction of 
daytime CO expression (the middle panel). Light-stabilized CO proteins 
quickly accumulate and effectively activate FT expression to promote 





1.2.2 Regulation of flowering by temperature 
 
Besides day length, temperature is another major factor affecting flowering 
time. Plants undergo fluctuations in temperature during day-night cycles 
and seasonal changes and use different ways to sense and respond to 
extinct temperature changes and optimize productive success (Penfield, 
2008). Extended exposure to winter-like cold (vernalization) promotes 
flowering in winter annual plants (Amasino, 2005), and small variations in 
air temperature of the surrounding environment (ambient temperatures) 
throughout the vegetative growth precisely mediate the correct timing of 
flowering (Samach and Wigge, 2005). Vernalization and ambient 
temperature genetic pathways are different in the upstream part and 
integrated at two MADS-domain transcription factors FLOWERING 
LOCUS C (FLC) and SHORT VEGETATIVE PHASE (SVP) (Figure 5). 
FLC and SVP form a protein complex, which directly suppresses 
expression of two floral integrators FT and SUPPRESSOR OF 
OVEREXPRESSION OF CONSTANS 1 (SOC1) by directly interacting 
with CArG boxes on their respective genomic region (Michaels and 
Amasino, 1999; Sheldon et al., 2000; Hepworth et al., 2002; Helliwell et al., 





1.2.2.1 Vernalization promotes flowering by the epigenetic repression 
of FLC  
 
FLC mainly functions as a potent floral repressor, and its expression is 
tightly controlled by a set of antagonistic regulators in different conserved 
genetic flowering pathways (Figure 5) (Crevillén and Dean, 2011). Genetic 
variation in the response to seasonal cues exists among wild A. thaliana 
accessions (Lempe et al., 2005). They fall primarily into two classes, 
summer and winter annuals, distinguished by their requirement for 
vernalization. Summer annuals with rapid-cycling growth flower early 
without requirement of vernalization, whereas winter annuals with 
dominant alleles of two genes, FLC and its transcriptional activator 
FRIGIDA (FRI), need vernalization to overcome the effect of FRI by 
epigenetically silencing FLC to induce flowering (Michaels and Amasino, 
1999; Johanson et al., 2000). To identify vernalization-mediated regulators, 
genetic screening was performed to select and identify mutants without 
floral promotion or downregulation of FLC even after vernalization. Three 
important regulators of FLC have been well characterized, 
VERNALIZATION INSENSITIVE 3 (VIN3) a plant homeodomain (PHD) 
finger protein (Sung and Amasino, 2004), VERNALIZATION 1 (VRN1) a 
plant-specific DNA-binding protein (Chandler et al., 1996) and 
VERNALIZATION 2 (VRN2) a nuclear-localized zinc finger protein with 
similarity to Polycomb group (PcG) (Gendall et al., 2001). VIN3 is the most 
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upstream gene in the vernalization pathway and crucial for vernalization-
mediated regulation of FLC, as expression of VIN3 is transiently and 
quantitatively induced in response to cold temperatures (Sung and 
Amasino, 2004; Bond et al., 2009). The cold-induced VIN3 proteins are 
incorporated into the Polycomb Response Complex 2 (PRC2) to form a 
PHD-PRC2 complex (De Lucia et al., 2008; Margueron and Reinberg, 
2011). The complex is composed of other key PRC2 components, two 
methyltransferases CURLY LEAF (CLF) and SWINGER (SWN) and two 
structural subunits FERTILIZATION INDEPENDENT ENDOSPERM (FIE) 
and EMBRYONIC FLOWER2 (EMF2) (Guitton and Berger, 2005; 
Margueron and Reinberg, 2011). The complex mainly functions in the 
PcG-mediated deposition of the repressive marker, trimethylation of lysine 
27 of histone H3 (H3K27me3), at regions of the promoter and first intron of 
FLC (Helliwell et al., 2006; De Lucia et al., 2008).  
VRN1 and VRN2 function with LIKE HETEROCHROMATIN PROTEIN 1 
(LHP1) to maintain the silenced state of FLC, which is stably repressed 
even if vernalization-treated plants are returned to higher temperatures, 
leading to completion of flowering (Gendall et al., 2001; Levy et al., 2002; 




1.2.2.2 Ambient temperatures precisely control flowering at the 
vegetative stage 
 
Flowering time is precisely regulated by ambient temperatures throughout 
the vegetative development (Verhage et al., 2014). The role of ambient 
temperature has been underlined by a rapid increase in the average first 
flowering date of British plants during the last decade (Fitter and Fitter, 
2002). In the growth chamber, reduced ambient temperatures (16°C or 
18°C) significantly delay the floral transition of A. thaliana (Lee et al., 
2007), whereas elevated ambient temperatures (27°C or 29°C) promote 
flowering (Balasubramanian et al., 2006; Kumar et al., 2012; Gan et al., 
2014). Some mutants and ecotypes, however, have lost their ability to 
respond to fluctuation in ambient temperatures. Examples of each plants 
are the svp mutant and the Niederzenz-1 (Nd-1) ecotype with a deletion of 
the FLOWERING LOCUS M (FLM) locus (Balasubramanian et al., 2006; 
Lee et al., 2007). FLM/MAF1 (MADS Affecting Flowering 1) is a MADS-
box protein with the high similarity in amino-acid sequence to FLC 
(Ratcliffe et al., 2001; Scortecci et al., 2001). Interestingly, FLM has minor 
abundance of a larger splice variant specifically after a thermal shift, which 
is accompanied by a reduced level of the major splice form 
(Balasubramanian et al., 2006). Two main FLM protein splice variants, 
FLM-β and FLM-δ, work in an antagonistic manner through interaction 
with SVP (Pose et al., 2013). The SVP-FLM-β complex is predominately 
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formed at low ambient temperatures and represses flowering via direct 
binding to the target loci of the floral-promotion genes FT and SOC1 (Pose 
et al., 2013). Under higher ambient temperatures, FLM-δ competes with 
FLM-β to form the SVP-FLM-δ complex, which loses DNA binding ability 
and acts as a dominant negative activator of flowering (Pose et al., 2013; 
Hwan Lee et al., 2014). 
 
Recently, PHYTOCHROME INTERACTING FACTOR 4 (PIF4), a bHLH 
transcription factor previously shown to be involved in light signaling (Huq 
and Quail, 2002), positively affects flowering via direct activation of FT 
upon increasing ambient temperatures solely under non-inductive SD 
conditions (Kumar et al., 2012). PIF4-dependent regulation of early 
flowering under higher temperature is mediated by a nuclear protein, 
ACTIN RELATED PROTEIN 6 (ARP6) (Kumar and Wigge, 2010). As a 
subunit of the SWR1 chromatin remodelling complex, ARP6 incorporates 
the alternative histone H2A.Z rather than H2A into nucleosomes of the FT 
promoter. H2A.Z nucleosomes wrap DNA more tightly and higher 
temperatures, however, overcome this to increase chromatin accessibility 




    
Figure 5 Multiple genetic pathways regulate flowering time in 
Arabidopsis. 
To achieve successful sexual reproduction, A. thaliana uses five 
genetically-defined flowering pathways (in green) to well adjust the timing 
of the floral transition by integrating both environmental and endogenous 
cues to key floral activators, FT and SOC1, and repressors, SVP and FLC. 
Regulators in autonomous and vernalization pathways repress FLC 
expression, and protein complexes of SVP/FLC and SVP/FLM-ß directly 
repress expression of activators FT and SOC1, whereas photoperiod and 
gibberellins pathways promote flowering by activating expression of 
activators. In particular, light is perceived by PHY and CRY 
photoreceptors. Upregulation of floral activators induces expression of 
floral meristem identity genes, such as LFY and AP1, which marks the 
start of the reproductive stage. In the stage, the vegetative shoot apical 
meristem (SAM) producing leaf primordiums (LPs) turns into an 
inflorescence meristem (IM), which give rise to floral meristems (FMs) on 
the flanks of IMs to produce floral organs. Active and repressive effects 
are indicated by lines with arrows and bars, respectively. Red double 




1.2.3 Endogenous factors control flowering 
1.2.3.1 Plant-derived floral regulation by phytohormones gibberellic 
acids (GAs) 
 
Plant hormones, despite being present at extremely low levels, are crucial 
signalling molecules, which are synthesized in plants and affect diverse 
biological processes. Gibberellic acids (GAs) discovered in 1935, are a 
large family of tetracyclic, diterpenoid phytohormones, which exert various 
effects on plant physiological responses at different stages of plant 
development, such as seed germination, cell elongation, flower organ 
development and flowering time (Sun and Gubler, 2004). Bioactive GAs 
are perceived by the GIBBERELLIN INSENSITIVE DWARF 1 (GID1) 
nuclear receptor in rice (Ueguchi-Tanaka et al., 2005). A.thaliana has 
three functionally redundant GID1 receptors, GID1a, GID1b, and GID1c 
(Griffiths et al., 2006). Upon binding to GAs, GID1 undergoes a 
conformational switch to facilitate GID1 interaction with negative 
regulators of GA signaling, DELLA proteins (Fu et al., 2004; Griffiths et al., 
2006). The interaction induces a subsequent conformational transition in 
the GRAS domain of the DELLA protein for recognition by the F-box 
protein of the E3 ubiquitin ligase SCF complex, which makes the DELLA 
protein polyubiquitinated and further rapidly degraded via the ubiquitin-
proteasome system (McGinnis et al., 2003; Sasaki et al., 2003). The A. 
thaliana five DELLA proteins, GIBBERELLIC ACID INSENSITIVE (GAI), 
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REPRESSOR OF ga1-3 (RGA), RGA-LIKE1 (RGL1), RGL2 and RGL3, 
belong to the GRAS family of transcriptional regulators, which have both 
overlapping and distinct functions in repression of plant growth and 
development (Peng et al., 1997; Silverstone et al., 1998; Dill and Sun, 
2001; Lee et al., 2002; Wen and Chang, 2002; Cheng et al., 2004; 
Harberd et al., 2009; Sun, 2010). 
 
The role of GA in regulating flowering was first studied by the application 
of GA to plants (Lang, 1957; Langridge, 1957). Only later, after the 
isolation of GA biosynthesis and signaling mutants, such as ga1-3, could 
the GA-mediated control of flowering be investigated in detail (Koornneef 
and van der Veen, 1980; Sun et al., 1992; Wilson et al., 1992). ga1-3 
mutants completely failed to flower when grown under short-day (SD) 
conditions, whereas flowering was only moderately delayed under long-
day (LD) conditions (Wilson et al., 1992), suggesting that GA is not 
required to induce flowering under inductive photoperiod. However, more 
recent analyses strongly indicate that GA contributes to the regulation of 
flowering time in A. thaliana in response to LDs (Griffiths et al., 2006; 
Willige et al., 2007; Hisamatsu and King, 2008; Osnato et al., 2012; Porri 





1.2.3.2 The carbohydrate status affects flowering 
 
Sugar, the major carbohydrate product of photosynthesis, is essential for 
plant development, including the floral transition. In particular, 
photosynthetic sucrose as a metabolite and signaling molecule affects 
flowering in A. thaliana in a complicated way (Ohto et al., 2001; Wind et al., 
2010). For example, sucrose present at lower concentrations (1%) slightly 
promotes flowering, while at higher concentrations (5%), it has the 
opposite effect and delays flowering (Ohto et al., 2001). Sucrose 
homeostasis is associated with the control of flowering. However, the 
molecular and genetic mechanism of how sucrose acts as a signaling 
molecule to regulate flowering is little known.  
 
In addition to sucrose, another sugar trehalose has recently been found to 
have great impacts on the transition to flowering in A. thaliana (Paul et al., 
2008; Wahl et al., 2013). Trehalose is synthesized via an important 
intermediate, trehalose-6-phosphate (T6P). Despite the low 
concentrations, T6P is essential for plant development as loss-of-function 
TREHALOSE-6- PHOSPHATE SYNTHASE1 (TPS1) is embryo-lethal 
(Eastmond et al., 2002). Homozygous tps1 mutants have been obtained 
by expressing TPS1 under a chemically inducible promoter (GVG:TPS1). 
The resulting tps1 GVG:TPS1 plants flower extremely later than wild-type 
plants (Wahl et al., 2013), indicates that T6P is required for floral induction. 
27 
 
1.2.4 Regulation of flowering by genes in the autonomous pathway  
 
The autonomous pathway comprises of a group of genes, such as FCA, 
FY, FLOWERING LOCUS D (FLD), FVE, FLK, FPA and 
LUMINIDEPENDENS (LD), which are involved in repressing FLC 
expression via epigenetic and post-transcriptional regulation (Simpson, 
2004). Thus, mutants in this pathway are characterized by delayed 
flowering irrespective of other inductive conditions.  
 
FCA is a plant-specific RNA-binding protein with a WW protein interaction 
domain, which interacts with the 3’-end RNA-processing factor FY 
(Macknight et al., 1997; Simpson et al., 2003). The FAC/FY complex 
regulates 3’-end formation of the FLC transcript (Simpson et al., 2003). 
FPA and FLK are also RNA-binding proteins. FPA has three RNA-
recognition motifs (RRMs) in the N-terminal region (Schomburg et al., 
2001), whereas FLK has three K-homology (KH) RNA-binding motifs (Lim 
et al., 2004). LD encodes a homeodomain protein with RNA binding ability 
(Lee et al., 1994). FPA, FLK and LD regulate FLC independently of 
FCA/FY complex, but how the regulation is tightly processed is still 
unknown. Two other autonomous regulators, FLD and FVE, regulate FLC 
in an epigenetic manner. FLD shares similarities with a protein found as a 
component of human histone deacetylase complexes (He et al., 2003). 
FVE is a plant homolog of the mammalian putative retinoblastoma-
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associated proteins RbAp46 and RbAp48 and participates in a histone 
deacetylation complex repressing FLC transcription (Ausin et al., 2004). 
 
1.3 Flowering Locus T (FT) is florigen for photoperiodic induction 
1.3.1 Florigen: A mobile floral stimulus to induce flowering 
 
Studies mentioned above have demonstrated the basic principles that 
enable plants to measure day length, and other studies have aimed at 
understanding where the photoperiodic signal is perceived and the 
underlying mechanisms. As early as in the 1930s, by exposing different 
parts of spinach to inductive day length, Knott found that the photoperiodic 
cue induces a flower-triggering substance in leaves but not the shoot apex, 
and the synthesized molecule in leaves is then transported to the shoot 
apex to promote floral initiation (Knott, 1934). While the mobile floral 
stimulus was hunted in many other distantly related plant species and the 
idea was theorized in the florigen hypothesis, the exact molecular nature 
responsible for florigen activity has been argued for a long period of time.  
 
1.3.1.1 The molecular nature of florigen is FT in A.thaliana 
 
To figure out the major component of florigen that acts as florigen in plants, 
different experimental methods had been used to identify the molecular 
and genetic nature of florigen in the plant kingdom. Currently, the FT 
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protein in A. thaliana and its orthologs in diverse plant species have been 
identified as the species-conserved component of the long-sought florigen 
(Wigge et al., 2005; Lifschitz et al., 2006; Corbesier et al., 2007; Lin et al., 
2007a; Mathieu et al., 2007; Tamaki et al., 2007). 
 
1.3.2 FT protein functions as the phloem-mobile florigen 
 
To explore the relationship between FT and florigen, a direct model 
proposed that either FT mRNA or FT proteins (or both) act as a mobile 
agent, moving from source leaves to the shoot apical meristem (SAM) to 
induce flowering. 
 
1.3.2.1 FT mRNA is immobile and not required in the SAM 
 
To test the mobility of FT mRNA, a range of studies using traditional 
grafting systems to detect FT mRNA in recipients of different plant species, 
such as tomato, cucurbit, rice and A. thaliana, shown all negative results 
(Lifschitz et al., 2006; Lin et al., 2007b; Tamaki et al., 2007; Notaguchi et 
al., 2008). In agreement with that, careful PCR analysis using total RNA of 
the recipient shoot had no detection of FT mRNA, indicating that FT 
mRNA rarely move across the graft junction (Corbesier et al., 2007). 
Expression of artificial miRNAs against FT in the SAM did not alter 
flowering time, whereas when expressed in the phloem they phenocopied 
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the ft mutant (Mathieu et al., 2007), indicating that FT mRNA is not 
required in the shoot apex. However, when a non-translatable FT mRNA 
is fused with a movement-defective virus, the chimeric virus mRNA moves 
systemically to enter the SAM independently of the FT protein in the short-
day Nicotiana tabacum Maryland Mammoth tobacco (Li et al., 2011). 
Whether FT mRNA acts as the mobile florigenic signal remains 
controversial.  
 
1.3.2.2 The FT protein is the major component of florigen 
 
In contrast, several results support that the FT protein is a mobile 
molecule, which moves from leaves to the SAM to induce flowering. FT-
GFP fusion proteins expressed under the phloem-specific SUCROSE 
TRANSPORTER 2 (SUC2) promoter were detected in the phloem and the 
SAM region (Corbesier et al., 2007), indicating that FT-GFP fusion 
proteins are trafficking from the phloem to the SAM. Similar results were 
obtained in rice using the rice florigen Hd3a, a rice ortholog of FT (Tamaki 
et al., 2007). Taken together, these experiments demonstrate that FT 
proteins move long distances through the phloem system (Figure 6). 
However, to prove that movement of FT protein is necessary for 
associated flowering is based on several experiments. In contrast to 
GAS1:FT expressed in the minor veins of leaves by the GALACTINOL 
SYNTHSE (GAS1) promoter, which complements the late flowering of ft, 
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FT-GFP fusion proteins were unable to complement the ft mutant 
(Corbesier et al., 2007). This result suggests that FT movement in the 
minor veins of leaves is necessary to promote flowering. Similarly, FT 
protein fused to three consecutive YFP proteins (FT:3xYFP) expressed by 
the SUC2 promoter instead of the CaMV 35S promoter had no promotion 
of flowering time. An early-flowering phenotype was observed in wild-type 
when free FT proteins were released from FT:3xYFP fusion proteins in the 
presence of the viral peptidase in the phloem region, as the fusion protein 
contained a viral peptidase recognition site.(Mathieu et al., 2007). This 
result suggests that movement of free FT but not FT:3xYFP induces early 
flowering. In addition, expression of FT protein fused with a nuclear 
localization signal (NLS) and a MYC epitope-tag from the SUC2 promoter 
(SUC2:MYC-NLS-FT) in the ft mutant had no effect on flowering time, 
whereas expression from the 35S promoter (35SS:MYC-NLS-FT) largely 
promoted flowering time. Moreover, without the NLS, SUC2:MYC-FT ft-10 
transgenic plants were early flowering. More importantly, MYC-FT fusion 
proteins were detected beyond the vasculature in the SAM, whereas the 
late-flowering phenotype of SUC2:MYC-NLS-FT ft-10 was mainly due to 
compromised movement of FT fusion proteins (Jaeger and Wigge, 2007a). 
Taken together, all these results have demonstrated that movement of FT 
proteins from leaves to the SAM is necessary for floral induction under LD 




1.3.3 Leaf-to-apex FT movement is tightly regulated  
 
Research has shown that the FT protein moves via the phloem, but how it 
gets transported is completely unknown. As the protein size of FT is about 
20 kDa, simple diffusion could transport FT from the companion cells via 
the intercellular channels called plasmodesmata into the sieve elements 
across the phloem all the way to the shoot apex. However, several 
experiments performed in different plant species suggest that transport of 
FT orthologs is a regulated process (Lin et al., 2007b).  In A.thaliana, as 
native amount of FT protein is at very low levels, it was hypothesized that 
efficient transport of FT in plants probably needs a specific trafficking 








Figure 6 FT acts as a mobile floral signal in A. thaliana under long 
days. 
The simplified model describes that FT proteins act as a mobile floral 
signal, also known as florigen, which move from leaves to the shoot apex 
to induce flowering. In response to LDs, FT expression is concisely 
induced by CO in the CCs of the leaf vasculature. FT proteins with help of 
FTIP1 are loaded from CCs to SEs through plasmodesmata (PD) 
connecting CCs and SEs. After long-distance movement in the phloem 
stream, FT proteins are eventually unloaded from the terminal 
protophloem into the SAM where FT interacts with FD to activate not only 
one floral integrator SOC1 in the IM but also two floral meristem identity 
genes AP1 and LEAFY (LFY) in FMs to specify FMs. CC, companion cell; 
SE, sieve element; SPP, sieve plate pore; FM, floral meristem; IM, 
inflorescence meristem.  
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1.3.3.1 FT-INTERACTING PROTEIN 1 required for FT transport 
 
Through yeast two-hybrid screening, an endoplasmic reticulum (ER) 
membrane protein, FT-INTERACTING PROTEIN 1 (FTIP1), has been 
recently identified to act as an essential regulator required for FT loading 
from companion cells to sieve elements in the phloem region in A.thaliana 
(Liu et al., 2012). Plants with the non-functional version of the FTIP1 gene 
flowered much later in response to LDs. FTIP1 was specifically active in 
sieve elements and companion cells of the phloem region, which is similar 
to FT. These indicate that FTIP1 is responsible for regulation of flowering 
in the photoperiod pathway. More importantly, FTIP1 and FT interact 
specifically in phloem companion cells in planta and FTIP1 facilitates 
loading of the biologically functional version of FT-9MYC and FT-GFP 
fusion proteins from companion cells into sieve elements. These 
observations show that FTIP1 specifically regulates FT movement from 
companion cells into sieve elements, thus mediating FT long-distance 
transport from the leaves to the SAM (Figure 6). However, how FT long-
distance transport in the vasculature and further unloading process 






1.3.4 The role of FT in floral initiation in the shoot apical meristem 
 
Transport of FT from the leaves to the SAM is followed by a series of 
genetic and morphological changes that initiate the floral transition and the 
ultimate flower development. Once FT was delivered to the SAM, it had 
physical interaction with FLOWERING LOCUS D (FD), a bZIP 
transcription factor, to trigger its downstream floral signaling (Abe et al., 
2005; Wigge et al., 2005). Genetically, the fd mutant flowered extremely 
late, and the fd ft double mutant flowers even later than either the ft or fd 
single mutant (Abe et al., 2005). The FT-FD transcriptional complex 
activates the expression of SOC1 (Wigge et al., 2005; Conti and Bradley, 
2007). Induction of SOC1 caused three members of the SPL family, SPL3, 
SPL4 and SPL5, to be rapidly expressed in the SAM (Jung et al., 2012; 
Torti et al., 2012). In turn, floral meristem identity (FMI) genes AP1, LFY 
and FUL, were directly activated by SPLs (Wang et al., 2009; Yamaguchi 
et al., 2009). Once transcription levels of FMI genes are stabilized, the FT-
FD complex is no longer necessary and the SAM turns fully to floral 




1.4 SODIUM POTASSIUM ROOT DEFECTIVE1 (NaKR1) is a novel 
flowering time gene 
 
NaKR1 has been characterized several years ago. The characterization of 
NaKR1 was based on the identification of the nakr1-1 mutant by 
mutagenesis and mapping. The identified nakr1-1 mutant shows various 
phenotypes including short roots, high Na+, K+, Rb+ concentration and 
elevated starch accumulation in leaves, compromised long-distance 
transport of sucrose, and extremely late flowering under LDs (Tian et al., 
2010). 
 
1.4.1 NaKR1 is a metal binding protein 
 
A commonly cited estimation is that one-third of proteins require metallic 
ions either as a structural component or as a catalytic subunit (Dupont et 
al., 2010). The chemical and physical properties of ions are crucial for 
diverse metabolic reactions, cell signaling and normal development. To 
act as a structural component or as an enzymatic co-factor of many 
proteins, the metallic ions need to be transported to different cellular sites 
by their specific carriers also named metallochaperones. Through a 
search of the available genomic databanks, there are a large number of 
metallochaperone-like proteins in plants and this group has diversified into 
two types of proteins: heavy metal-associated isoprenylated plant proteins 
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(HIPPs) and heavy metal-associated plant proteins (HPPs). 
 
1.4.1.1 Heavy metal-associated isoprenylated plant proteins (HIPPs) 
 
In A.thaliana, there are a group of 67 metallochaperone-like proteins 
containing a heavy metal-associated (HMA; pfam00403.6) domain 
characterized by a highly conserved M/LXCXXC metal-binding motif 
(Tehseen et al., 2010). Proteins with the HMA domain have been found in 
many organisms, such as algae, fungi and animals, and play crucial roles 
in translocation of heavy metals. This group of proteins includes 
metallochaperones, heavy metal transporters, and enzymes that use 
heavy metals as cofactors. With respect to biological functions, these 
proteins are essential for development of vascular plants in responses to 
environmental changes (de Abreu-Neto et al., 2013). In terms of the 
protein structure, HIPPs contain an isoprenylation motif and one or two 
HMA domains, whereas HPPs lack an isoprenylation motif but still contain 
a predicted HMA domain (Tehseen et al., 2010; de Abreu-Neto et al., 
2013). Exactly 45 HIPPs and 22 HPPs were found in A.thaliana. 
 
1.4.1.2 NaKR1 is an heavy metal-associated plant protein (HPP) 
 
BLAST analysis reveals that NaKR1 encodes a soluble metal-binding 
protein of 319 amino acids, with a HMA domain of 59 amino acids at the 
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C-terminal end. Based on the phylogenetic analysis, NaKR1 is a typical 
member of HPPs, also named as HPP02. In terms of metal binding affinity, 
heavy metals, such as Zn, Cu, Fe, Ni and Co, have been detected in 
purified NaKR1-MBP (maltose-binding protein) protein sample using ICP-
MS analysis (Tian et al., 2010). This result shows that NakR1 is a metal 
binding protein. 
 
1.4.1.3 Biological function of HIPPs and HPPs 
 
Previous studies have suggested that HIPPs may be involved in heavy 
metal homeostasis and detoxification (Suzuki et al., 2002; Gao et al., 2009; 
Tehseen et al., 2010) and transcriptional responses to environmental 
stress (Barth et al., 2009). In the HPP subgroup, AtCCH1, AtATX1 and 
AtCCS are the known copper chaperones (Himelblau et al., 1998; Chu et 
al., 2005; Puig et al., 2007). However, little is known about the other 19 
HPPs except HPP02. HPP02 has been identified as SODIUM 
POTASSIUM ROOT DEFECTIVE1 (NaKR1; previously called NPCC6). 
The loss-of-function nakr1 mutant include several developmental defects 
and characterization of the mutant indicates that NaKR1 is an important 




1.4.2 NaKR1 is an essential development regulator 
1.4.2.1 Expression of NaKR1 is specific in the phloem 
 
According to global identification of cell-specific gene expression, 
NPCC6/NaKR1 fused with the GFP was selectively expressed in the 
phloem region of roots. The expression pattern of NaKR1 was further 
investigated by creating genomic NaKR1pro:NaKR1-GUS transgenic 
plants in Col-0 (Tian et al., 2010). GUS staining was observed in the 
vasculature of various plant tissues ranging from young seedlings to adult 
plants. In addition, cross-sections of roots and leaf petioles revealed that 
GUS activity was in the phloem region of the vasculature, but not in the 
xylem. To further confirm that NaKR1 is actively expressed in the 
companion cells (CCs) of the phloem region, histone2B-GFP was 
expressed from the native promoter of NaKR1. The GFP signals were 
found in the living CCs in the primary roots. Taken together, these results 
suggest that NaKR1 is likely to be a cell-specific regulator.  
 
1.4.2.2 NaKR1 affects ionic concentration in leaves 
 
Based on inductively coupled plasma mass spectrometry (ICP-MS) 
analysis, high concentration of Na+ and K+ was observed in leaves of the 
nakr1-1 mutant (Tian et al., 2010). Compared with Col-0 wild-type plants, 
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the mutant overaccumulated around threefold higher Na+ and twofold 
higher K+. To test the hypothesis that loading of Na+ and K+ to the phloem 
in leaves requires NaKR1, reciprocal grafting experiments were performed 
between nakr1-1 and wild-type plants. In grafting experiments, the lack of 
NaKR1 in either the root or shoot led to Na+ and K+ accumulation in leaves 
(Tian et al., 2010). With the specific expression of NaKR1 in the phloem, 
these results demonstrated that NaKR1 is involved in homeostasis of Na+ 
and K+ in plants.  
 
1.4.2.3 NaKR1 is required for root meristem maintenance 
 
In the nakr1-1 mutant, a severe defect of root growth was found shortly 
after germination on normal growth medium (Tian et al., 2010). The major 
defects were short primary roots and increased lateral root growth, which 
could be due to decreased size of root meristem after seed germination. 
The root meristem defect resulted in fewer cells and a smaller cell size in 
roots. NaKR1 is likely regulating root development by root meristem 
maintenance, as NaKR1 was not expressed during early embryo stages 
and germination of nakr1-1 seeds was normal.  
 




To check the accumulation of starch, leaves of short-day-grown plants 
were collected and stained with I2/KI solution. The nakr1-1 mutant retained 
excess leaf starch at the end of the night (Tian et al., 2010). Quantitative 
analysis showed that the starch amount in nakr1-1 was consistently higher 
than that in wild-type plants. Starch over-accumulation in nakr1-1 was 
mainly caused by a higher accumulation rate during the day and a 
decreased depletion rate during the night. The starch excess phenotype of 
nakr1-1 is proposed to be caused by defective translocation of sucrose. 
To test the hypothesis, 14C-sucrose was applied to wounded tips of 
rosette leaves. Results showed that the radioactivity of 14C-sucrose was 
detected in the root system of wild-type plants, but not in that of nakr1-1 
(Tian et al., 2010). The result suggests that NaKR1 may process sucrose 
translocation in the phloem. 
 
1.4.3 NaKR1 regulates flowering time 
 
1.4.3.1 The absence of NaKR1 causes late flowering under LDs 
The flowering time of nakr1-1 was significantly later than wild-type plants 
under LDs (Tian et al., 2010). Under non-inductive short-day growth 
conditions, nakr1-1 had similar flowering time compared with WT. The 
effects of vernalization and GA were also tested on nakr1-1. Both 
treatments accelerated flowering time of nakr1-1 under LDs, but the 




1.5 Aim of this study 
The specific expression pattern of NaKR1 and the severe late-flowering 
phenotype of nakr1-1 indicate that NaKR1 plays an essential role in the 
floral transition. Thus, it is intriguing for us to decipher the underlying 
mechanism of how NaKR1 promotes flowering in A. thaliana. To 
investigate function of NaKR1 in regulation of flowering time, we are 
interested in phenotypes of loss-of-function NaKR1 in flowering time 
defects. And how NaKR1 expression is regulated is another open question. 
In the meanwhile, we try to characterize NaKR1 function in physiological, 
molecular and genetic aspects. The main work of investigation of NaKR1 
is to uncover how NaKR1 regulates flowering time and find the 













2.1 Plant materials and growth conditions 
2.1.1 Arabidopsis thaliana wild-type ecotypes 
 
A. thaliana wild-type ecotypes Columbia (Col) and Landsberg erecta (Ler) 
provided by the Nottingham Arabidopsis Stock Center (NASC) were used 
in this study.  
 
2.1.1 Arabidopsis thaliana mutants 
 
The nakr1-1 mutant in the Col background was created by Dr. John M. 
Ward (University of Minnesota) (Tian et al., 2010).The ftip1-1 mutant 
(Salk_013179) was previously obtained from the Arabidopsis Information 
Resource Center (ABRC) (Liu et al., 2012). The mutants ft-10, co-1, gi-1, 
soc1-1, flc-1, svp-41, fld-3, flk-1 and fve-3 are in the Col background, while 
fca-1, fpa-1 and fve-1 are in the Ler background.  
 
2.1.2 Accession numbers 
 
A. thaliana Genome Initiative locus identifiers for genes mentioned in the 
results are as follows: NaKR1/NPCC6 (At5g02600), FT (At1g65480), 
SOC1 (At2g45660), CO (At5g15840), GI (At1g22770) FLC (At5g10140), 
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SVP (At2g22540), FTIP1 (At5g06850), SUC2 (At1g22710), KNAT1 
(At4g08150) and TUB2 (At5g62690). 
 
2.1.3 Plant growth conditions 
 
A. thaliana plants were germinated and grown on Murashige and Skoog 
(MS) agar medium or in soil under long-day (LD) (16 h light/8 h darkness) 
or short-day (SD) (8 h light/16 h dark) conditions. Normal growth 
temperatures were maintained between 22 °C to 24 °C unless otherwise 
stated. For plant growth on MS plates, seeds were sterilized as following. 
After incubation in sterile water for 5-10 min until precipitation, seeds were 
washed with 70 % ethanol for 1 min and then quickly rinsed with sterile 
water for three times. After using 15 % Clorox® to wash seeds under mild 
vortexing for 15 min, seeds were rinsed with sterile water again for three 
times under laminar flow and sequentially sown in Petri dishes containing 
autoclaved pH 5.8 MS agar medium. Petri dishes were sealed and 
incubated at 4 °C for 3 days in the dark before being transferred to the 
tissue culture room. 
 




To analyze GA responses, plants were grown in soil under SDs and 
seedlings were sprayed once a week with 100 µM GA3 from 1 week after 
germination. 
 
2.1.5 Vernalization treatment 
 
Sterilized seeds were sown on MS agar plates, incubated at 4 °C for 3 
days in the dark and then transferred to the tissue culture room for 
germination. 3 day-old seedlings were transferred to a 4 °C darkroom for 
6-week vernalization treatment, after which plants were transplanted to 
soil under SD or LD conditions. 
 
2.1.6 Genetic crossing 
 
To investigate the genetic interaction of different genes, genetic crossing 
was performed to generate different combinations among A. thaliana 
transgenic plants or mutants. Adult plants with open flowers were used. In 
the recipient plant, emasculating the unopened and unpollinated flowers 
by the removal of immature anthers was firstly performed under the Nikon 
SMZ645 stereomicroscope (Nikon). On the second day, the matured 
stamens were removed from flowers of the donor plant and brushed over 
on the stigma of the recipient flower under the same dissecting 
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microscope. The crossed flowers were labeled properly and seeds were 
collected for further identification. 
 
2.2 Molecular cloning 
2.2.1 Amplification of cDNA Fragments by PCR 
 
To construct the 35S:NaKR1, SUC2:NaKR1 or KNAT1:NaKR1 vectors, 
the cDNA fragment encoding the NaKR1 gene was amplified by 
polymerase chain reaction (PCR) using Pfu Turbo® DNA polymerase 
(Stratagene) with forward and reverse primers, cdsNaKR1-F-Xmal (5’-
CCCCCCGGGATGTTGTGTGCTTCTCAAGCATC-3’) and cdsNaKR1-R-
BamH1 (5’-CGGGATCCTCATTTCTGAATAATCTCAGGCC-3’). The PCR 
product was digested with restriction enzymes XmaI and BamH1 (New 
England Biolabs), and subsequently cloned into vectors, pGreen 0229-
35S, pGreen 0229-SUC2 or pGreen 0229-KNAT1 (Liu et al., 2007; Liu et 
al., 2012).  
To construct the gNaKR1, gNaKR1-GUS, gNaKR1-4HA and gNaKR1-
GFP vectors, a 5.6-kb NaKR1 genomic fragment (gNaKR1) was amplified 
using forward and reverse primers, gNaKR1-F-Xma1 (5’-
CCCCCCGGGTCGTCATCGTCTTCTTGATCTC-3’) and gNaKR1-R-Spe1 
(5’-GGACTAGTAAATTTGTGTTTTTGTTTGAATATGCTTAG-3’). The 
resulting PCR fragment was digested with restriction enzymes XmaI and 
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Spe1 and cloned into pHY105 (Liu et al., 2007). The gNaKR1-GUS, 
gNaKR1-4HA and gNaKR1-GFP vectors were generated by Ω-PCR (Chen 
et al., 2013). The GUS, 4HA or GFP fragments being inserted were 
separately amplified from a GUS-, 4HA- or GFP-containing templates with 
chimeric primers. The resulting PCR products served as megaprimers 
annealing to the flanking sequences of the insertion site on the plasmid. 
Thereby, GUS, 4HA or GFP fragments were integrated into the target 
constructs. After treatment with DpnI, the mutated vectors gNaKR1-GUS, 
gNaKR1-4HA and gNaKR1-GFP were transformed into E. coli competent 
cells. 
To construct 35S:AmiR-NaKR1, design of the artificial microRNA was 
performed using the software on the website 
(http://wmd2.weigelworld.org). Based on the NaKR1 sequence, a set of 
four primers were generated and used for the PCR amplification according 
to the published protocol (Schwab et al., 2006). The resulting PCR 
fragment was digested with EcoRI and BamHI, and cloned into the 
pGreen 0229-35S vector (Yu et al., 2004). 
 
2.2.2 Purification of PCR products by gel extraction 
 
The amplified DNA fragments by PCR were separated on the 1.5 % (w/v) 
Tris-Acetate-Ethylenediaminetetraacetic acid (TAE) agarose gel and 
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visualized by ethidium bromide (EtBr) staining. The expected DNA 
fragment was cut out from the gel and quickly purified using the QIAquick® 
Gel Extraction Kit (Qiagen). 
 
2.2.3 Restriction digestion of plasmids and DNA fragments 
 
Purified plasmids and DNA fragments were digested in double or 
sequential digestion, according to an online tool of New England Biolabs 
(http://www.neb.sg/tools-and-resources/interactive-tools/double-digest-
finder), with the appropriate enzymes and reaction buffer at 37 °C for 2-3 h. 
After digestion, plasmid reaction mixtures were dephosphorylated by 
Alkaline Phosphatase, Calf Intestinal (CIP) (New England Biolabs) 
treatment. After digestion, reaction mixtures were purified with the 
FavorPrep™ Gel/PCR Purification Kit (Favorgen) for ligation. 
 
2.2.4 Ligation of Digested Plasmids and DNA Insertions 
 
The purified digested DNA fragments as insertions were incubated with 
the digested plasmids using the T4 DNA ligase (Thermo Fisher Scientific) 
at 16 °C for 2-3 h. The recombinant plasmids were subsequently 




2.2.5 Transformation of plasmids into E.coli competent cells by heat 
shock 
2.2.5.1 Preparation of E.coli DH5α competent cells 
 
For preparation of E.coli competent cells, bacterial was inoculated to 3 ml 
SOB medium [2 % (w/v) Tryptone, 0.5 % (w/v) yeast extract, 10 mM NaCl, 
2.5 mM KCl, 10 mM MgCl2 and 10 mM MgSO4, pH 6.7] at 37 °C with 
vigorous shaking for overnight. On the second day, the culture was 
transferred to 0.5 L fresh SOB medium and grown at 18 °C with vigorously 
shaking until the optical density (OD600) reached 0.6. The culture 
transferred to 50 ml ice-cold Faclon® tubes was kept on ice for 10 min and 
spun down by centrifugation at 4.5k rpm for 10 min at 4 °C. The pellet was 
resuspended in 50 ml ice-cold fresh Tris-Borate (TB) buffer (10 mM PIPES, 
55 mM MnCl2, 15 mM CaCl2 and 250 mM KCl, pH 6.7), kept on ice for 10 
min and centrifuged as previously mentioned. Subsequently, the pellet 
was resuspended in 10 ml of ice-cold TB buffer supplemented with 7 % 
dimethyl sulfoxide (DMSO). The cell suspension was incubated on ice for 
10 min and stored in aliquots of 100 μl in 1.5 ml ice-cold Eppendorf 
Tubes® (Eppendorf), which were frozen in liquid nitrogen and stored at -





2.2.5.2 Heat shock transformation of competent cells 
 
The frozen stock of E.coli DH5α competent cells was thawed on ice and 
mixed gently with plasmids or ligation mixture. The competent cells were 
incubated on ice for 15 min and placed in a 42 °C water bath to heat 
shock for 1 min. The mixture was put on ice for 2 min. After adding 1ml LB 
medium to the cells, the mixture was incubated at 37°C for 1 h with gentle 
shaking. Subsequently, the bacteria cells were pelleted by centrifugation 
at 4.5k rpm for 3min and spread on LB agar medium supplemented with 
appropriate antibiotics. For pGEX-6p-2 and pGADT7 vectors, LB agar 
plates were supplemented with 100 mg/L ampicillin. For pGreen and 
pGBKT7 vectors, LB plates were supplemented with 50 mg/L kanamycin. 
 
2.2.6 Colony PCR for selecting putative colonies and plasmid DNA 
extraction 
 
Single colony survived on selective medium was selected and 
resuspended in 10 μl of sterile water. 1 ul of the bacterial suspension was 
used for PCR analysis with one insertion-specific primer and another 
specific primer located on the vector. The PCR products were analyzed by 
electrophoresis on a 1.5 % agarose gel and colonies showing DNA 
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fragments of the expected size were cultured at 37 °C overnight in 3 ml LB 
liquid medium supplemented with appropriate antibiotics. Plasmid DNA 
was extracted from the overnight grown cell culture, using the 
FavorPrepTM Plasmid Extraction Kit (Favorgen), according to the 
manufacturer’s instructions. 
 
2.2.7 Construct identification by DNA sequencing 
 
Sequencing PCR was performed using ABI PRISM® BigDyeTM (Applied 
Biosystems) and the sequencing PCR products were purified and 
prepared using the ABI PRISM® Rhodamine Terminator Cycle 
Sequencing Ready Reaction Kit (Applied Biosystems). The nucleotide 
sequences were identified by sequencing with ABI PRISM® 377 DNA 
Sequencer (Applied Biosystems). The sequencing results were viewed by 
the DNASTAR Lasergene software and analyzed by the Basic Local 
Alignment Search Tool (BLAST®) on the National Center for 





2.3 Agrobacterium-mediated plant transformation 
2.3.1 Electroporation using electrocompetent Agrobacteria 
 
To transfer plasmids into Agrobacteria tumefaciens strain GV3101, the 
recombinant DNA constructs were added to ready-to-use 
electrocompetent Agrobacteria and the mixture was transferred to 0.1 cm 
Gene Pulser®/MicropulserTM electroporation cuvettes (Bio-Rad). 
Electroporation was performed using the MicroPulser electroporator (Bio-
Rad). The electroporated Agrobacteria were cultured in 1 ml LB for 3 h at 
28 °C, after which the cells were precipitated at 4.5k rpm for 5 min and 
plated on the LB agar medium supplemented with appropriate antibiotics. 
The plates were incubated at 28 °C for 2-3 days and successful 
transformants were screened by colony PCR. 
 
2.3.2 Agrobacterium-mediated transformation by floral dipping 
 
Floral dipping was slightly modified according to a previous report (Clough 
and Bent, 1998). Successfully transformed Agrobacteria carrying the 
desired recombinant DNA were cultured in 100 ml LB supplemented with 
appropriate antibiotics until the OD600 reached 0.8. Agrobacteria were 
precipitated as previously mentioned and suspended in 30 ml of pH-
adjusted inoculation medium [5 % (w/v) sucrose, 0.03 % (w/v) Silwet L-77]. 
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Flower buds of adult plants grown under LDs were dipped into the bacteria 
suspension for 1 min. The dipped plants were covered in a black plastic 
bag and treated at 4 °C overnight. After one week, floral dipping was 
repeated for higher transformation efficiency. Seeds of floral dipped plants 
were harvested for screening in the next T1 generation. 
 
2.3.3 Screening for homozygous transgenic plants in three 
generations 
 
T1 transgenic plants grown in soil were sprayed with 0.3% non-selective 
herbicide Basta® (Bayer CropScience) at 5 days after germination. 20-30 
Lines were selected for further studies. In the T2 generation, more than 32 
seeds of each independent line were grown in soil and the genetic 
segregation was recorded after Basta treatment. The lines that have 
phenotypes and show the death ratio lower than 25% were target plants 
with a single-copy insertion of the transgene and selected for future 
analysis. The T2 line all of whose T3 progenies were resistant to selective 
treatment was the homozygous line with a single transgene insertion and 




2.3.4 Identification of genetic background by genotyping 
2.3.4.1 Isolation of genomic DNA 
 
One cotyledon of seedlings grown under LDs was cut and ground by 
Eppendorf® micropestles (Eppendorf) in 250 μl DNA extraction buffer [0.2 
M Tris pH 9.5, 0.4 M LiCl, 25 mM EDTA, and 1% (w/v) SDS]. The 
homogenized mixture was centrifuged at 14k rpm for 5 min. The 
supernatant was added into new 1.5 ml tubes with an equal volume of 
isopropanol, which was mixed by gentle vortex. After precipitation at 14k 
rpm at 4 °C for 20 min, the supernatant was discarded and the DNA pellet 
was washed with 400 ml of 70% ethanol by vortexing. After centrifugation 
at 14k rpm for 5 min and discarding the supernatant, the DNA pellet was 
dried by the vacuum and dissolved in 100 μl of sterile water. 
 
2.3.4.2 PCR-based genotyping  
 
For PCR-based genotyping, 1 μl of the extracted genomic DNA was 
added into a buffered PCR reaction system with specific primers checked 
against the BLAST program on the Arabidopsis Information Resource 
(TAIR) website (https://www.arabidopsis.org/). Resulting PCR products 
were analyzed by agarose gel electrophoresis, restriction enzyme 




2.4 Gene expression analysis 
2.4.1 Isolation of total RNA 
 
For extraction of total RNA from various plant tissues, the RNeasy® Plant 
Mini Kit (Qiagen) was used. Before extraction, all the micropestles, tips 
and tubes were autoclaved at 121 °C for 1h. Plant tissues were harvested 
in liquid nitrogen and stored at -80 °C. The plant tissues were 
homogenized thoroughly in liquid nitrogen using micropestles. The 
standard extraction method follows the manufacturer’s instructions. For 
on-column DNA digestion, RDD buffer mixed with 30 units of RNase-free 
DNase (Qiagen) was added onto the center of the column and incubated 
at 37 °C for 1 h. RNA was eluted using RNase-free water and the 
concentration of RNA was detected by the NanoDrop 1000 
spectrophotometer (Thermo Fisher Scientific). 
 
2.4.2 Complementary DNAs (cDNAs) generated by reverse 
transcription 
 
Synthesis of cDNAs from RNA templates were performed using the 
SuperScript® III First-Strand Synthesis System (Invitrogen). 0.5 μg total 
RNA was mixed with 2.5 μM Oligo(dT)20. The mixture was topped up to 
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8.5 μl with diethyl-pyrocarbonate (DEPC)-treated water and denatured at 
65 °C for 5 min, followed by incubation on ice. 4 μl of the mixture 
containing 0.5 μl of 10 mM dNTP Mix, 2.5 μl of 10X cDNA synthesis buffer, 
0.5 μl of the RNaseOUTTM recombinant ribonuclease inhibitor and 0.5 μl of 
the SuperScript® III reverse transcriptase was added. The PCR 
programused was 50 °C for 1 h and then at 85°C for 5 min. RNA was 
digested with 1μl RNase H at 37°C for 20 min. The final product was 
diluted 4-5 fold with sterile water and stored at -20°C. 
 
2.4.3 Gene expression analyzed by quantitative real-time PCR (qRT-
PCR) 
 
The qRT-PCR reaction mixture contained the 2X SYBR® Green PCR Master 
Mix (Applied Biosystems), forward and reverse gene-specific primers, cDNA 
templates and sterile water. The reactions were added in triplicates into the 
wells of the MicroAmp® EnduraPlateTM optical 384-well clear reaction plates 
(Applied Biosystems), which was sealed with the MicroAmp® Optical 
Adhesive Film (Applied Biosystems) and placed into the 7900HT Fast Real-
Time PCR system (Applied Biosystems). A constitutively expressed gene 
TUB2 was used as an internal control. The specificity and efficiency of each 
pair of primers was determined by the dissociation curve. The normalized 
expression level of target genes was calculated with the difference between 
the cycle threshold (Ct) of target genes and the Ct of the control gene TUB2 
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(ΔCt=Cttarget gene-Ctcontrol gene) (Livak and Schmittgen, 2001), which is 2-ΔCt. The 
list of forward and reverse gene-specific primers used in the qRT-PCR is 











Table 1 List of primers used in the qRT-PCR. 













2.4.4 GUS staining: A histochemical assay of the activity of a gene 
promoter 
 
The beta-glucuronidase (GUS) report system is widely used to study the 
promoter activity of the target gene in different tissues or developmental 
stages in plant molecular biology. GUS staining of the gNaKR1-GUS 
reporter transgenic lines was performed as previously described (Yu et al., 
2000). Plant tissues were fixed in ice-cold 90% acetone (v/v) for 15 min 
and washed three times with the rinse solution [50 mM NaPO4 pH 7.0, 1 
mM K3Fe(CN)6 and 1 mM K4Fe(CN)6]. The samples were put in the 
staining solution [rinse solution added with 2 mM X-Gluc (Gold 
Biotechnology)] and infiltrated under vacuum condition for 10 min and 
incubated at 37ºC. The stained tissues were subjected to serial washes 
with 20% ethanol, 35% ethanol, FAA fixative solution [50 % ethanol, 5% 
acetic acid (Merck Millipore), 3.7% formaldehyde (Sigma-Aldrich)], and 70% 
ethanol at room temperature to completely remove the chlorophyll. 
Samples were immersed in the clearing solution (7.5 g of arabic gum, 100 
g of chloral hydrate, 5 ml of glycerol and 30 ml of water). Different tissues 




2.5 Protein-protein interactions 
2.5.1 Yeast two-hybrid (Y2H) assays 
2.5.1.1 Plasmid construction for the Y2H assay 
 
The gene cloning processes were similar as mentioned in section 2.2. The 
pGADT7 (AD) and pGBKT7 (BD) vectors (Clontech) used contain the 
GAL4 DNA activation domain and binding domain, respectively. The 
coding region sequences of NaKR1, FT and FTIP1 were cloned into either 
AD or BD vectors. The Y2H assay was performed according to the 
YeastmakerTM Yeast Transformation System 2 (Clontech). 
 
2.5.1.2 Preparation of yeast competent cells 
 
AH109 yeast strain was used and the glycerol stock of AH109 cells was 
streaked on the YPDA agar medium [20g/L Difco™ Phytone™ Peptone 
(BD), 10g/L yeast extract powder (Oxoid), 2% glucose, 20g/L Bacto™ 
agar (BD) and 120 μg/ml adenine hemisulfate salt (Sigma-Aldrich)]. After 
incubation at 30°C for 2-3 days, one single colony with a diameter of 2-3 
mm was inoculated into 50 ml of YPDA liquid medium in a flask and 
incubated at 30° C with shaking at 250 rpm until the OD600 reached 0.3. 
The cells were harvested by centrifugation at 700 g for 5 min. The pellet 
was suspended in 100 ml of fresh YPDA, which was incubated in the 
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shaker as mentioned above until the OD600 reached 0.5. The yeast cells 
were harvested and washed with 60 ml of deionized sterile water. After 
centrifugation, the supernatant was discarded and cells were washed in 3 
ml of 1.1xTE/LiAc. The cell suspension was then splitted into two 1.5 ml 
tubes, followed by centrifugation. Each cell pellet was resuspended in 600 
μl of 1.1xTE/LiAc. The competent cells were ready to be transformed with 
plasmid DNA.  
 
2.5.1.2 Co-transformation on selective media to identify protein 
interactions 
 
100 ng of the AD and BD plasmids and 5 μl denatured Yeastmaker™ 
Carrier DNA were mixed with 50 μl of competent yeast cells in 1.5 ml 
tubes by gentle vortexing. Subsequently, 500 μl of the PEG/LiAc solution 
(8 ml 50% PEG 3350 (w/v), 1 ml 10xTE and 1 ml 10xLiAc) was added to 
each tubes, well mixed by gentle vortexing and incubated at 30 °C for 30 
min. After incubation, 20 μl of DMSO was added, mixed and transferred to 
a 42 °C water bath for 15 min. The yeast cells were collected by 
centrifugation and the pellet was washed with 1 ml 0.9% NaCl (w/v). After 
centrifugation, the co-transformed yeast cells were suspended in 75 μl of 
0.9% NaCl, and equally dropped on three selective agar media containing 
SD/-Trp/-Leu, SD/-His/-Trp/-Leu and SD/-Ade/-His/-Trp/-Leu (Clontech). 
After incubation at 30°C for 3-4 days, results were recorded and analyzed. 
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2.5.2 In vitro GST pull-down assays 
 
The in vitro pull-down assay requires two proteins of interest. One protein 
fused with Glutathione S-transferase (GST) was expressed in E.coli and 
purified. Another protein was quickly synthesized with in vitro TNT® Quick 
Coupled Transcription/Translation Systems (Promega). 
 
2.5.2.1 Expression of GST-fusion proteins in E.coli 
 
The NaKR1 coding sequence was inserted into the pGEX-6p-2 vector (GE 
Healthcare Life Sciences), which contains the DNA sequence encoding 
GST protein. The resulting plasmids were transformed into the competent 
BL21 E.coli cells by 1-min heat shock at 42 °C. Successful transformants 
verified by colony PCR was cultured in 200 ml of LB liquid with 100 mg/ml 
ampicillin in the 37 °C shaker until the OD600 reached 0.8. The protein of 
interest fused with GST was induced at 16 °C by optimal concentration of 
isopropyl β-D-1-thiogalactopyranoside (IPTG, Sigma-Aldrich), and 






2.5.2.2 The solubility test of GST-fusion proteins 
 
2 ml of the culture before and after induction of IPTG was taken. The cell 
solutions were centrifuged and resuspended in 500 μl of sodium chloride-
Tris-EDTA (STE) buffer 10X (10mM Tris-HCl pH 8.0, 1mM EDTA, and 
100mM NaCl). The cell suspension was sonicated until the solution is 
clear. To test the total protein, 25 μl of the solution was taken. To test 
whether the induced protein is soluble or not, the rest of the solution was 
centrifuged and the supernatant (soluble protein) was transferred to a new 
tube. And the pellet was resuspended in 500 μl of STE buffer (pellet). 
Protein samples were analyzed by the sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE). The gel was visualized 
by Coomassie blue staining. 
 
2.5.2.3 Purification of induced proteins by GST beads 
 
The induced cells were harvested by centrifugation at 3k rpm for 15 min. 
The cell pellet was lysed in 35 ml of ice-cold fresh lysis buffer (10 mM Tris 
pH 8.0, 0.1 M NaCl, 1 mM EDTA, 0.5 mM DTT and 1% Triton X-100). The 
cell suspension was sonicated on ice in an optimized way, followed by 
centrifugation at 10k rpm for 15 min at 4 °C. The lysate was transferred to 
a new tube and mixed with 250 μl of the prepared Glutathione 
SepharoseTM 4B beads (GE Healthcare Life Sciences), followed by 
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rotation at 4 °C for 2-3 h. Subsequently, the beads were pelleted by 
centrifugation at 1k rpm for 2 min and washed thrice with the cell lysis 
buffer. After the final wash, the beads were analyzed by SDS-PAGE and 
Coomassie blue staining. The beads were stored at 4 °C. 
 
2.5.2.4 Expression of protein of interest by the In Vitro translation 
system 
 
Proteins of interest were quickly synthesized with in vitro TNT® Quick 
Coupled Transcription/Translation Systems (Promega) according to the 
manufacturer’s instructions. The full-length coding region of FT was 
cloned into the pGBKT7 vectors, which contain the DNA sequence of 
MYC-tag. 1 μg of DNA plasmid was linearized before subjection into the 
TNT® system. The reaction was incubated at 30°C for 90 min. The protein 
synthesized was used immediately or stored at -80 °C. 
 
2.5.2.5 GST pull-down assays 
 
The two proteins, the NaKR1-GST fusion protein immobilized on the GST 
beads and the other synthesized FT protein from the in vitro translation 
system, were mixed in 1 ml of ice-cold IP buffer (50 mM HEPES pH 7.5, 
150 mM KCl, 5 mM MgCl2, 10 μM ZnSO4, 1% Triton X-100 and 0.05% 
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SDS) and rotated at 4 °C for 2-3 h. Subsequently, the beads were 
precipitated by centrifugation at 2.5k rpm for 1 min at 4 °C and washed 
thrice. The beads were analyzed for SDS PAGE and the fusion protein 
was detected with Western blot. For the pull-down assay, GST protein 
immobilized on the GST beads was used as the negative control. 
 
2.5.3 Bimolecular fluorescence complementation (BiFC) analysis 
 
BiFC analysis is based on the formation of a fluorescent protein complex 
when two proteins of interest fused to nonfluorescent fragments of the 
fluorescent protein interact with each other, which enables visualization of 
protein interactions in living plant cells (Kerppola, 2008). The full-length 
coding regions of FT and NaKR1 were cloned into multiple pairs of pSAT 
vectors (Citovsky et al., 2006). The resulting cassettes including 
nonfluorescent fragments of the fluorescent protein and the constitutive 
promoters were transformed into Agrobacterium tumefaciens. The 
Agrobacteria were coinfiltrated into tobacco (Nicotiana benthamiana) 
leaves as previously described (Sparkes et al., 2006). The leaves were 
examined every 24 h from infiltration for up to 2 or 3 days under the Zeiss 




2.5.4 Co-immunoprecipitation (Co-IP) assays 
 
Co-IP is a straightforward technique to investigate in vivo protein 
interactions in cell extracts. Co-IP experiments were performed as 
previously discribed with slight modification (Isono and Schwechheimer, 
2010). The plant tissues were collected and ground with mortar and pestle 
in liquid nitrogen, and the total protein was extracted using CelLytiTM P cell 
lysis reagent (Sigma-Aldrich). Protein extracts were then incubated with 
proper antibodies bound to Progtein G PLUS-Agarose (Santa Cruz 
Biotechnology) at 4 °C for 2 h. Immunoprecipitated proteins and total 
protein extracts as inputs were resolved by SDS-PAGE and detected by 
proper antibodies (Santa Cruz Biotechnology). 
 
2.6 Chromatin immunoprecipitation (ChIP) 
 
ChIP assays allow identification of in vivo protein-DNA interactions in pull-
down assays using specific antibodies against DNA-binding proteins. 
SUC2:CO-6HA transgenic plants reported previously (Hou et al., 2014) 





2.6.1 Formaldehyde cross-linking of proteins to DNA 
 
Seedlings were collected and fixed on ice in 1 % formaldehyde MC buffer 
(10 mM NaPO4 pH 7.0, 50 mM NaCl and 0.1 M sucrose) for 30 min under 
vacuum. The reaction was stopped by adding glycine powder to a final 
concentration of 0.15 M, followed by rotation at 4 °C for 30 min. The 
samples were washed thrice with rotation in MC buffer at 4 °C for 15 min. 
 
2.6.2 Extraction of nuclear proteins 
 
M1 buffer (10 mM KH2PO4, pH 7.0, 0.1 M NaCl, 10 mM beta-
mercaptoethanol, 1 M hexylene glycol), M2 buffer (10 mM KH2PO4, pH 7.0, 
0.1 M NaCl, 10 mM beta-mercaptoethanol, 1 M hexylene glycol, 10 mM 
MgCl2, 0.5% Triton X-100) and M3 buffer (10 mM KH2PO4, pH 7.0, 0.1 M 
NaCl, 10 mM beta-mercaptoethanol) were prepared and kept on ice. Plant 
samples were powdered with a mortar and pestle in liquid nitrogen. The 
M1 buffer was added and then transferred into 1.5 ml tubes, which was 
followed by centrifugation at 14k rpm at 4 °C for 10 min. The pellet was 
washed with M2 buffer until the supernatant was clear and the pellet was 
white. The pellet was washed twice with 1 ml of M3 buffer. After 
centrifugation, the pellet was resuspended in 500 μl of sonication buffer 
(10 mM KH2PO4 pH 7.0, 0.1 M NaCl, 10 mM EDTA pH 8.0, 0.5% sarkosyl). 
The mixture was sonicated on ice to produce genomic fragments of 
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around 500 bp and after centrifugation, the supernatant was transferred to 
a new tube. A portion of each of the chromatin solution was saved as the 
input. 
 
2.6.3 Immunoprecipitation by the specific antibody 
 
The remaining chromatin solution was diluted with an equal volume of IP 
buffer, and incubated with specific antibody and agarose beads at 4°C for 
2-3 h with rotation. The beads were precipitated and serially washed with 
by IP buffer, high salt buffer (IP buffer supplemented with 350 mM NaCl), 
LNDET buffer (0.25 M LiCl, 1% Nonidet P-40, 1% deoxycholate, 1 mM 
EDTA), and TE buffer (10 mM Tris pH 7.5, 1 mM EDTA). The chromatin 
bound on the beads was eluted with 500 μl of elution buffer (50 mM Tris 
pH 8.0, 1% SDS and 10 mM EDTA). The input and immunoprecipitated 
proteins were analyzed by Western bolt.  
 
2.6.4 Elution, purification and quantification of DNA 
 
To perform reverse crosslinking of the DNA-binding protein to genomic 
DNA, NaCl was added into both the input and elute solution to a final 
concentration of 0.3 M, followed by incubation at 65 °C for overnight. 
DNase free-RNase (Roche) treatment was performed at 37 °C for 30 min 
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to remove RNAs, followed by proteinase K (Roche) treatment at 45 °C for 
30 min to remove proteins. The genomic DNA was purified with the 
QIAquick® PCR Purification Kit (QIAGEN) according to the manufacturer’s 
instructions. The purified DNA was eluted with 50 μl of sterile water. 
Quantification of DNA was analyzed by qRT-PCR mentioned in Section 
2.4.3. Relative enrichment fold of each DNA fragment was determined first 
by normalizing the amount of each DNA fragment against that of TUB2, 
which was used as an internal control, and then by normalizing the value 
of sample analyzed against the value of control samples as a negative 
control. Calculation of the ΔCt1 value is Ctsample analyzed input-Ctsample analyzed 
elution. Next, calculation of the ΔCt2 is Ctcontrol sample input-Ct control sample elution. 
Finally, relative enrichment fold is calculated by 2ΔCt1/2ΔCt2. The list of ChIP 






Table 2 Primer pairs for ChIP assays on the NaKR1 regulatory 
sequence. 
































2.7 Cot-grafting experiments 
 
To investigate long-distance transportation in plants, the Cot-grafting 
experiment was performed according to the published protocol (Yoo et al., 
2013b). 
 
2.7.1 Preparation of plant materials 
 
Seeds were sterilized by a series of steps mentioned in Section 2.1.3, and 
then put on solid half MS medium. 4-day-old young seedlings grown under 
LDs were used for cotyledon grafting experiments.  
 
2.7.2 Performance of the cot-grafting surgery 
 
To perform the Cot-grafting surgery, the petiole of one cotyledon of 
selected healthy seedlings was cut under a dissection microscope (Nikon) 
on the sterile bench (Laminoflow). Cotyledons of donor plants were moved 
very carefully to recipient plants with one cut-off cotyledon. Under the 
microscope, the grafted cotyledon was adhered to the cross-sectional 
area at a proper angle. After the surgery, grafted plants in Petri dishes 
were returned to recover for 6 days in LDs. Successfully grafted 10-day-
old plants were selected for further studies. In the recipient plants, GFP 
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signals were examined under confocal microscope and immunogold 
labeling experiments were performed under transmission electron 
microscopy. For flowering-time analysis, grafted plants were transferred 
onto soil in LDs. 
 
2.8 Immunogold transmission electron microscopy (TEM) 
 
Immunogold TEM was performed according to a previous report (Liu et al., 
2012) and a published protocol (Wilson and Bacic, 2012). Plant 
specimens were fixed in paraformaldehyde-glutaraldehyde solution (2% 
and 2.5%, respectively) overnight at room temperature and imbedded in 
LR white resin (EMS). Ultrathin sections were mounted on nickel grids, 
then carefully transferred with fine forceps onto blocking drops of TTBS 
(20 mM Tris, 500 mM NaCl, and 0.05% Tween-20, pH 7.5) supplemented 
with 1% w/v BSA for 30min. Subsequently, the sections were incubated 
with anti-HA or anti-myc antibody at 1:5 (v/v) dilution of blocking solution 
for 1 h at room temperature. After three washings on drops of TTBS, grids 
were incubated for 30 min with 15 nm gold-conjugated goat anti-mouse 
antibody (EMS) at 1:20 dilution of blocking solution. After incubation for 30 
min, the grids were washed with TTBS thrice and then twice with distilled 
water. Tissue staining was incubated with 2% uranyl acetate for 15 min at 
room temperature, and photos were taken by transmission electron 




2.9 Sucrose concentration measurement 
 
For each sugar concentration assay, 50 shoot apexes of plants grown 
under LDs were harvested to measure the content of soluble sugars using 
the D-Glucose/D-Fructose/Sucrose Assay kit (R-Biopharm), according to 
the manufacturer’s instructions. After grinding plant materials in liquid 
nitrogen, soluble sugars were extracted twice with 80% ethanol at 70°C, 
and supernatant was centrifuged at the highest speed for 10 min. Ethanol 
was evaporated from the supernatant using a vacuum evaporator, and the 














3.1 NaKR1 regulates flowering time under long-day conditions 
 
To understand how FT transportation is regulated during floral transition, 
we searched the available microarray database to look for potential 
regulators that are specifically expressed in the vasculature and function 
in floral regulation (Deeken et al., 2008; Zhang et al., 2008), since 
expression of FT is specifically activated in the phloem under long 
days(LDs) (Castillejo and Pelaz, 2008). Among them, we found NaKR1 to 
be a good candidate gene, as the expression pattern of NaKR1 is 
specifically in the phloem region of the vasculature and the deletion 
mutant nakr1-1 shows late flowering under LDs (Tian et al., 2010). For 
further studies, we requested nakr1-1 mutant seeds from John M. Ward 
(University of Minnesota). 
 
3.1.1 nakr1-1 is a 7-bp deletion mutant. 
 
Firstly we confirmed the genetic background of nakr1-1 by genotyping. A 
7-bp deletion (5’-CCTATTG-3’) was found in the first exon of AT5G02600, 
which caused a frame shift and resulted in a premature truncation (Figure 





3.1.2 nakr1-1 flowers extremely late under long days. 
 
To identify the defective flowering time pathways in nakr1-1, we analyzed 
flowering time of nakr1-1 by calculating total number of the rosette leaf 
(RL) or days before bolting under different floral promotion conditions. In 
A.thaliana, several genetically defined flowering pathways, such as the 
photoperiod, vernalization gibberellin (GA) and thermosensory pathways, 
coregulate floral induction (Srikanth and Schmid, 2011).  
 
Under LDs, nakr1-1 mutants produced more RLs than Columbia wild-type 
(WT) plants (Figure 7B). Quantitatively, WT began to bolt after producing 
about 12 RLs, while the mutant did not bolt until around 40 RLs have 
developed (Figure 7C). Under SDs, however, nakr1-1 and WT did not 
show significant difference in bolting time (Figure 7C). Furthermore, 
effects of vernalizaiton and gibberellin (GA) on flowering time were also 
tested. Vernalization and GA treatment did not reveal any signficant 
difference in promoting flowering time in both nakr1-1 and WT plants 
(Figure 8A-C), suggesting that NaKR1 is not involved in the vernalization 
and GA pathways. In addition, nakr1-1 responded to ambient 
temperatures as effective as WT plants (Figure 8D), indicating that NaKR1 
has no direct interaction with the thermosensory pathway. Therefore, 
these data suggest that NaKR1 plays its major role in modulating the 






Figure 7 NaKR1 promotes flowering under long days in A. thaliana. 
(A) Schematic drawing of the NaKR1 genomic structure. The 7-bp deletion 
site is marked by the downward pointing arrowhead above the schematic 
diagram. Exons and introns in the coding region are indicated by black 
and white boxes, respectively. The start codon (ATG) and stop codon 
(TAA) are also labeled. 
(B) Late-flowering phenotype of nakr1-1 in comparison to WT under long-
day (LD) conditions. Representative plants were shown for comparison. 
Scale bar, 1 cm. 
(C) Total number count of primary rosette leaves before bolting in WT and 
nakr1-1 plants grown under long-day and short-day conditions. Values 
were scored from at least 20 plants of each genotype. The asterisk 
indicates significant difference in flowering time of nakr1-1 compared with 
that of WT (two tailed paired Student’s t-test, P < 0.001). Error bars 





3.1.3 NaKR1 promotes flowering time 
 
To confirm NaKR1 function in the control of flowering time, we generated 
NaKR1 knockdown transgenic plants by using artificial microRNA (AmiR) 
interference (Schwab et al., 2006). 35S:AmiR-nakr1 T1 independent lines 
that expressed an AmiR specifically targeting at the last exon of the 
NaKR1 mRNA exhibited defferent intensities of the late-flowering 
phenotype under LDs (Figure 9A and 9C). In contrast to the significantly 
late-flowering phenotype of nakr1-1 and 35S:AmiR-nakr1 transgenic 
plants, transgneic plants overexpressing NaKR1 show early-flowering 
phenomenon under LDs (Figure 9B and 9C). These results suggest that 







Figure 8 Effects of vernalization, GA and thermosensory pathways 
on NaKR1. 
(A) Flowering time of nakr1-1 with (+) and without (-) vernalization 
treatment (Ver) under long-day (LD) and short-day (SD) conditions. 
Flowering time of nakr1-1 and WT was promoted by vernalization 
treatment under both SDs and LDs, nakr1-1 displayed the later-flowering 
phenotype as compared to WT under LDs. Asterisks indicate significant 
difference in flowering time of nakr1-1 compared with that of WT with or 
without vernalization treatment under LDs (two tailed paired Student’s t-
test, P < 0.001). 
(B) Effect of GA treatment on flowering time of nakr1-1. Flowering time of 
nakr1-1 was promoted in response to GA treatment under SDs. 
(C) Flowering time of nakr1-1 grown at 16°C, 23°C and 27°C under LDs. 
Rosette leaf (RL) number ratios of flowering time between 16°C and 23°C 
(16°C/23°C) and between 23°C and 27°C (23°C/27°C) for all genotypes 
were indicated in the attached table. Asterisks indicate significant 
difference in flowering time of nakr1-1 compared with that of WT at 
different temperatures under LDs (two tailed paired Student’s t-test, P < 
0.001). 
 
Values of RL were scored from at least 20 plants of each genotype. Error 









3.1.3 The late-flowering phenotype of nakr1-1 is rescued by 
complementation. 
 
To verify that the loss of NaKR1 function is responsible for the late-
flowering phenotype of nakr1-1, we transformed nakr1-1 with a genomic 
construct (gNaKR1) harboring a 5.6-kb NaKR1 genomic region including 
the 2.8-kb upstream sequence and the 2.7-kb full coding sequence plus 
three introns. This construct can fully rescue the late-flowering phenotype 
of nakr1-1 under LDs (Figure 10A), which indicates that NAKR1 protein is 
important for floral transition. 
 
3.1.4 Effect of exogenous sucrose on flowering time of nakr1-1. 
 
To investigate whether the flowering delay of nakr1-1 is mainly due to the 
compromised transportation of sugar, we first examined the effect of 
exogenous sucrose on flowering time of nakr1-1. Although excess starch 
accumulates in leaves during the day and sucrose long-distance transport 
from source leaves to sink tissues are affected in nakr1-1 according to the 
published data (Tian et al., 2010), high concentration of sucrose could 
significantly delay floral transition of WT and nakr1-1 plants under LDs 
(Figure 11A), indicating that sucrose sensing and signaling are not 






Figure 9 NaKR1 promotes flowering time. 
(A) Distribution of flowering time in 35S:AmiR-nakr1 T1 transgenic plants 
grown in LDs. In the panel of schematic drawing of the NaKR1 genomic 
structure, the short black line showed the target site of the artificial 
microRNA labeled as AmiR-nakr1. The majority of 35S:AmiR-nakr1 
showed the later-flowering phenotype compared with WT plants.  
(B) Distribution of flowering time in 35S:NaKR1 T1 transgenic plants 
grown in LDs. Most of 35S: NaKR1 showed earlier flowering than WT 
plants.  
(C) Flowering time and NaKR1 expression of representative 35S:NaKR1 
and 35S:Ami-nakr1 transgenic plants as compared with WT grown under 
LDs. Rosette leaf (RL) number was counted to indicate flowering time. 
Values were scored from at least 15 plants of each genotype. Asterisks 
indicate significant differences in flowering time between indicated 
genotypes and WT plants (two tailed Student’s t-test, P < 0.001). 
Arrowheads indicate significant differences in NaKR1 expression between 
indicated genotypes and WT plants (two tailed Student’s t-test, P < 0.001). 
NaKR1 expression was shown relative to the average value of WT plant 








         
Figure 10 Complementation of nakr1-1. 
Distribution of flowering time in T1 transgenic plants harboring the NaKR1 
genomic fragment (gNaKR1) in nakr1-1 background. Introduction of 






apical meristem (SAM) was much lower in nakr1-1 compared with that in 
WT during the floral transition (Figure 11B), supporting that sucrose 
translocation to the shoot apex from source tissues is likely to be 
compromised in agreement with the previous report (Tian et al., 2010). 
More importantly, carbohydrate availability in the SAM as an important 
endogenous flowering signal is processed by trehalose-6-phosphate (T6P) 
signaling through the key integrator Arabidopsis TREHALOSE-6-
PHOSPHATE SYNTHASE 1 (AtTPS1) (Wahl et al., 2013). However, 
AtTPS1 expression was not altered in nakr1-1 (Figure 11C), indicating that 
T6P signaling may be unaffected by NaKR1. These data suggest that 
sucrose sensing and signaling are not mediated by NaKR1 and that starch 
accumulation and defective transport of sucrose may not be the main 
explanation for late flowering of nakr1-1. 
 
3.2 Diurnal expression of NaKR1 dependent on regulation of CO 
 
How NaKR1 regulates flowering in response to various flowering cues was 
a general question. To investigate how NaKR1 regulates flowering time in 
response to various flowering cues, we tested NaKR1 expression under 
distinct environmental conditions and also in various flowering mutants of 




3.2.1 Expression of NaKR1 has a circadian pattern under LDs. 
 
Firstly, NaKR1 expression was examined in Columbia WT plants grown 
under LDs. We found that expression of NaKR1 increased gradually 
during vegetative stages and reached its peak during floral transition 
occurring between 9 to 12 days after germination (Figure 12A). On the 
contrary, NaKR1 expression was just constantly expressed under SDs 
(Figure 12A). These results indicate that NaKR1 is a day-length 
dependent floral regulator. Interestingly, NaKR1 expression showed a 
diurnal oscillation in a 24-hour time-course study under LDs but not under 
SDs (Figure 12C), indicating that the circadian rhythm of NaKR1 in a day-









Figure 11 Effects of sucrose on flowering and sucrose signaling in 
nakr1-1. 
(A) Effect of exogenous sucrose on flowering time of nakr1-1. Plants were 
grown on MS-agar plates supplemented with 1% or 4% sucrose under 
LDs. Values were scored from at least 15 plants of each experiment. Error 
bars indicate SD. 
(B) Measurements of endogenous sucrose content in per shoot apex. 
Shoot apexes of plants grown in LDs plates were harvested for sugar 
extraction at ZT16 of 8, 10 and 12 days after germination. Error bars 
indicate SD. 
(C) AtTPS1 expression in the shoot apical meristem (SAM) of 9- or 11-old-
day WT plants and nakr1-1 mutants under LDs. Gene expression was 
determined by quantitative real-time PCR and normalized against TUB2 




         
Figure 12 Circadian expression of NaKR1 is determined by CO. 
(A) Temporal expression of NaKR1 in developing WT and co-1 plants 
grown under LDs and SDs. Seedlings were harvested at 3, 6, 9, 12 days 
after germination (DAG) under LDs and 5, 7, 9, 11 weeks after 
germination (WAG) under SDs. Error bars denote SD. 
(B) Flowering time of co-1, nakr1-1 and co-1 nakr1-1 as compared with 
WT grown under LDs. Values were scored from at least 20 plants of each 
genotype. An asterisk indicates a significant difference in flowering time of 
ft-10 nakr1-1 compared with that of ft-10 or nakr1-1 (two tailed Student’s t-
test, *P < 0.01). Error bars denote SD. 
(C) The circadian expression of NaKR1 under LDs and SDs. WT 
seedlings were collected at 9 DAG under LDs and 2 WAG under SDs at 
the times shown after dawn (ZT 0). Bars below the graph indicate the 
duration of day (white) and night (black). Error bars denote SD. 
(D) The circadian rhythm expression of NaKR1 in WT and co-1 plants 
under LDs. Seedlings were collected at 9 DAG at the times shown after 
dawn (ZT 0). Bars below the graph indicate the duration of day (white) and 
night (black). Error bars denote SD.  
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3.2.2 Expression of NaKR1 is regulated by the photoperiod pathway. 
 
We investigated NaKR1 expression in several flowering mutants of distinct 
genetic pathways. We found that NaKR1 expression was significantly 
downregulated in loss-of-function mutants of three important regulators in 
the photoperiod pathway, FT, CO and GIGANTEA (GI) (Figure 13A). In 
addition, NaKR1 expression was also distinctively downregulated in 
various mutants of the autonomous pathway (Figure 13D). These data 
indicate that NaKR1 is involved in both photoperiod and autonomous 
pathways. Next, we examined the effects of vernalization and GA 
treatment on NaKR1 expression. We found that vernalization treatment 
did not affect NaKR1 expression in both WT and FRI FLC plants grown 
under SDs (Figure 13B). Similarly, NaKR1 expression had no obvious 
changes in response to GA treatment (Figure 13C). These results suggest 
that NaKR1 expression is not regulated by the vernalization and GA 
pathways. Several other flowering-time regulators, such as 
SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1), 
FLOWERING LOCUS C (FLC) and SHORT VEGETATIVE PHASE (SVP), 
which mediate flowering signals from various genetic pathways, also did 
not regulate NaKR1 expression (Figure 13E). Taken together, these 
results suggest that NaKR1 perceives flowering signals from photoperiod 
and autonomous pathways rather than vernalization and GA pathways, 





Figure 13 Multiple regulation of NaKR1 expression. 
(A) NaKR1 expression in WT plants, ft-10, co-1 and gi-1 mutants under 
LDs. Seedlings were collected at 9 days after germination.  
(B) Effect of vernalization treatment on NaKR1 expression. For 
vernalization treatment, sterilized seeds were grown on Murashige and 
Skoog medium and after germination vernalized at 4°C under low light 
conditions for 8 weeks. 9-day-old seedlings grown under LDs were 
harvested for expression analysis.  
(C) Effect of GA treatment on NaKR1 expression. For GA treatment, 2-
week-old WT plants grown under SDs were applied twice weekly with 
exogenous GA (100 µM) or 0.1% ethanol (Mock). Seedlings treated for 1 
week (1W) or 3 weeks (3W) were harvested for expression analysis. 
(D) NaKR1 expression in 9-day-old mutants of the autonomous pathway. 
(E) NaKR1 expression in 9-day-old mutants of floral regulators. 
Gene expression in (A-E) was determined by qRT-PCR and normalized 
against TUB2 levels. Error bars indicate SD.  
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3.2.3 NaKR1 is a direct downstream target of CO. 
 
To confirm severe downregulation of NaKR1 in the loss-of-function co-1 
mutant, we further tested NaKR1 expression in a time-course manner in 
co-1. We found that its expression was significantly and constantly 
downregulated in absence of CO in the vegetative and floral induction 
stages (Figure 12A and 12D), indicating that NaKR1 is probably one of the 
downstream targets of CO. The above hypothesis is further supported by 
the observation that NaKR1 expression was much higher in transgenic 
plants with CO overexpression driven by either the 35S promoter or the 
SUC2 phloem-specific promoter (Figure 14A). The co-1 nakr1-1 double 
mutant showed much stronger flowering defects than each single mutant 
(Figure 12B), which indicates that NaKR1 and CO function in independent 
pathway as well; or there are other regulators that can affect NaKR1. 
Moreover, with the advantage of 35S:CO-GR co-2 transgenic plants as 
previously reported (Samach et al., 2000),  inducible expression of CO in 
35S:CO-GR co-2 with application of dexamethasone (Dex) caused strong 
NaKR1 expression (Figure 14B). These data guide that NaKR1 is a novel 
target of CO in the photoperiod pathway. 
 
Furthermore, to unveil whether CO has physical bindings on the NaKR1 
locus, we performed chromatin Immunoprecipitation (ChIP) assays by 
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using functional SUC2:CO-6HA transgenic plants as previously reported 







Figure 14 NaKR1 is one of downstream targets of CO. 
(A) NaKR1 expression in transgenic plants with CO overexpression under 
LDs. WT, 35S:CO, SUC2:CO and SUC2:CO-6HA seedlings were 
collected at 9 DAG at ZT 10. Error bars denote SD. 
(B) Expression change of induced NaKR1 and FT expression determined 
by quantitative real-time PCR in 7-day-old 35S:CO-GR co-2 (Ler). 
Seedlings were treated with Mock (0.05% DMSO) and Dex (1mM) at ZT 8 
and then collected after 2 h (ZT 10) and 4 h (ZT 12), respectively. Relative 







   
Figure 15 CO has physical interaction with the genomic region of 
NaKR1 
(A) Schematic diagram shows the NaKR1 genomic region. Exons and 
other genomic regions are represented by black and white boxes, 
respectively. Arrowheads indicate the potential CO binding site 
(TGTG(N2-3)ATG) at the NaKR1 genomic region. Twelve DNA fragments 
were designed for ChIP analysis of the CO binding site as shown in (B). 
bp, base pairs. 
(B) ChIP analysis of CO binding to the NaKR1 genomic region. 9 DAG 
seedlings grown under LDs were harvested for ChIP analysis. Enrichment 
fold of each fragment was calculated first by normalizing the amount of a 
target DNA fragment against a genomic fragment of TUB2 as an internal 
control and then by normalizing the value for SUC2:CO-6HA transgenic 







We searched the whole NaKR1 genomic sequence for the potential CO 
binding site (TGTG(N2-3)ATG) (Tiwari et al., 2010), and designed 12 pairs 
of specific primers to measure DNA enrichment in the ChIP assay of CO 
binding to NaKR1 using anti-HA antibody (Figure 15A). Enrichment fold of 
CO binding fragments at the region of the promoter and 3’UTR of the 
NaKR1 locus was consistently erected in three biological replicates 
(Figure 15B). These data demonstrate that NaKR1 is a novel important 
downstream target of CO in the photoperiod pathway. 
 
3.3 NaKR1 is specifically active in vascular tissues 
3.3.1 NaKR1 is expressed in various tissues. 
 
We generally examined the expression pattern of NaKR1 in various 
tissues of WT plants grown under LDs using quantitative real-time PCR, 
and found that NaKR1 was widely expressed in different tissues, such as 
roots, rosette leaves, cauline leaves, open flowers, flower buds, 
inflorescence stems and siliques (Figure 16A). Among these tissues, the 
highest expression level of NaKR1 was in rosette leaves (Figure 16A). 
These results indicate that NaKR1 is active to play its roles in the whole 
plant and could be involved in many biological processes. 




To study the detailed expression pattern of NaKR1, we established a new 
whole-gene NaKR1: β-glucuronidase (GUS) reporter construct in which 
the NaKR1 genomic fragment used for the gene complementation test 
(Figure 10A) was fused to the GUS gene. Among 25 independent 
gNaKR1-GUS lines examined, most lines consistently showed similar 
staining patterns and one representative line was selected for further 
detailed analysis of the NaKR1 expression pattern. gNaKR1-GUS 
transgenic plants showed specific GUS staining in vascular tissues of 
various organs, including cotyledons, rosette leaves, and roots (Figure 
17A-G). Zooming into the vegetative shoot apical meristem, no GUS 
staining signal was observed (Figure 17E). Our observation agrees with a 
previous report(Tian et al., 2010) and that the expression pattern of 






                 
Figure 16 Expression of NaKR1 in various tissues of WT plants. 
Quantitative real-time PCR analysis of NaKR1 expression in various 
tissues of WT plants. Plant tissues were collected from 40-d-old WT plants. 
Results were normalized against the expression level of TUB2. Rt, roots; 
RL, rosette leaves; CL, cauline leaves; OF, open flowers; FB, flower buds; 









3.3.3 NaKR1 functions in the phloem region of the vasculature. 
 
To investigate the effect of spatial expression of NaKR1 on flowering time, 
we transformed nakr1-1 with the construct in which the NaKR1 coding 
sequence was driven by the promoter of either SUCROSE 
TRANSPORTER 2 (SUC2) or KNOTTED-LIKE FROM ARABIDOPSIS 
THALIANA 1 (KNAT1). The SUC2 promoter is specific to the phloem 
companion cells (Imlau et al., 1999), whereas the KNAT1 promoter is 
active in the shoot apical meristem (An et al., 2004). All nakr1-1 
KNAT1:NaKR1 T1 transformants exhibited comparable flowering time to 
nakr1-1, whereas most nakr1-1 SUC2:NaKR1 T1 transformants flowered 
earlier than wild-type plants. Among them, three lines displayed similar 
flowering time to WT plants (Figure 18A). These results indicate that 
NaKR1 functions in leaf vascular tissues but not in the shoot apical 
meristem to promote flowering.  
 
3.3.4 NaKR1 is localized in the phloem region. 
 
With detailed analysis of the NaKR1 expression pattern, the next question 
is the localization of NaKR1 proteins. Taking advantage of established 
nakr1-1 gNaKR1-GFP and nakr1-1 gNaKR1-4HA transgenic plants, we 
investigated the tissue and cellular distribution of NaKR1-GFP and 








Figure 17 Histochemical GUS staining of gNaKR1-GUS. 
(A-G) Representative histochemical GUS staining of gNaKR1-GUS 
transgenic plants displayed NaKR1 expression in 5, 7, 9 and 11 DAG 
seedlings (A-D), a rosette leaf (F) and a primary root (G). The enlarged 
view of the 11 DAG seedling (E) showed no expression of NaKR1 in the 











       
Figure 18 NaKR1 is active in the phloem region. 
Distribution of flowering time in T1 transgenic plants grown in LDs carrying 
the SUC2:NaKR1 or KNAT1:NaKR1 construct in nakr1-1 background. The 
promoter of KNAT1 is specifically active in the shoot apex, whereas the 







gNaKR1-4HA transgenic lines were examined. We found that a majority of 
the nakr1-1 mutants containing gNaKR1-GFP and gNaKR1-4HA had WT-
like flowering time (Figure 19A and 19B). Analysis of specific inflorescence 
signals in the representative nakr1-1 gNaKR1-GFP line through confocal 
microscopy (Figure 20A and 20B) and observation of a specific fusion 
protein band from the representative nakr1-1 gNaKR1-4HA line by 
Western blot confirmed successful protein expression. These results show 
that the transgenic lines are functional and qualified for further studies. 
 
To examine the localization of NaKR1 protein, we used the functional 
representative nakr1-1 gNaKR1-GFP transgenic lines (Figure 19B), and 
found that notable NaKR1-GFP signals marked vascular regions in rosette 
leaves, stems and roots (Figure 20A and 20B). To precisely locate NaKR1, 
we performed immunogold transmission electron microscopy (TEM) on 
the representative nakr1-1 gNaKR1-4HA transgenic line, in which 
gNaKR1-4HA was able to rescue the late-flowering phenotype of nakr1-1 
(Figure 19B). Signals corresponding to NaKR1-4HA fusion proteins could 
be specifically detected by anti-HA antibody in the phloem of the 
transgenic plants harboring gNaKR1-4HA (Figure 22A to C), in contrast to 
background signals detected by mouse IgG as an internal control. There is 
no positive signal in WT using anti-HA antibody and mouse IgG, as a 







Figure 19 Complementation by gNaKR1-4HA and gNaKR1-GFP in 
nakr1-1. 
(A) Distribution of flowering time in T1 transgenic plants harboring the 
NaKR1 genomic fragment fused with 4HA or GFP proteins (gNaKR1-4HA 
or gNaKR1-GFP) in nakr1-1 background. Most nakr1-1 gNaKR1-4HA and 
nakr1-1 gNaKR1-GFP T1 transgenic plants flowered at a similar time as 
WT plants under LDs. 
(B) Flowering time of representative T3 transgenic lines of gNaKR1-4HA 
and gNaKR1-GFP in nakr1-1. nakr1-1 gNaKR1-4HA and nakr1-1 
gNaKR1-GFP transgenic plants grown under LDs have WT-like flowering 
time. Values were scored from at least 20 plants of each genotype. Error 







     
Figure 20 Identification of nakr1-1 gNaKR1-GFP and nakr1-1 gNaKR1-
4HA. 
(A-B) Representative GFP signals of functional gNaKR1-GFP nakr1-1 
transgenic plants showed that NaKR1-GFP was mainly localized in the 
vasculature of leaves (A), stems (A) and roots (B). 10-day-old seedlings 
grown under LDs were examined during ZT12 to ZT16. 
 
(C) Western blot analysis of nakr1-1 gNaKR1-4HA. NaKR1-4HA was 
specifically detected by anti-HA antibody by extracting total proteins in 
nakr1-1 gNaKR1-4HA seedlings. 10-day-old seedlings grown under LDs 








Figure 21 Immunogold TEM in WT with anti-HA antibody. 
(A-C) Immunogold electron microscopy of CC, SE and XV in WT plants 
using anti-HA antibody. (A) Representative cells of CC, SE and XV are 
shown. (B) Density of immunogold background signals was observed in 
CC, SE and XV of WT plants probed with anti-HA antibody and mouse 
IgG, respectively. (C) Frequency histogram of appearance of immunogold 
background signals was analyzed in CC, SE and XV of WT plants probed 
with anti-HA antibody (left panel) and mouse IgG (right panel) in all 
examined sections. CC, companion cell; SE, sieve element; XV, xylem 






Figure 22 NaKR1-4HA fusion proteins localized in companion cells 
by TEM. 
(A-C) Analysis of NaKR1-4HA localization in companion cells (CC), sieve 
elements (SE) and xylem vessels in the vasculature of the first rosette 
leaves and meristem cells (MC) in the shoot apex in 11-day-old gNaKR1-
4HA nakr1-1 plants by immunogold electron microscopy using anti-HA 
antibody. (A) NaKR1-4HA was localized in CCs and SEs of the phloem. 
Arrowheads indicate the locations of gold particles. Scale bar, 1 µm. (B) 
The quantification of NaKR1-4HA immunogold signals or immunogold 
background signals in CC, SE, XV and MC probed with anti-HA antibody 
or mouse IgG control. The data were presented as the mean number of 
gold particles per cell with standard deviation. P values showed significant 
difference in gold particle density tested by IgG compared with that tested 
by anti-HA in CCs and SEs (two tailed Student’s t-test).  (C) The 
frequency histograms of appearance of NaKR1-4HA immunogold signals 
and immunogold background signals in gNaKR1-4HA nakr1-1 probed with 




The results revealed that NaKR1-4HA was localized in the companion 
cells (CCs) and the sieve elements (SEs) of the phloem, but not in the 
xylem vessels (XVs) or in the meristem cells (MCs) of the shoot apex 
(Figure 21A and 22A). Quantitative analysis of labeling density of NaKR1-
4HA in these various cell types showed that NaKR1-4HA was specifically 
localized in the phloem region of the vasculature (Figure 21B and 21C, 
Figure 22B and 22C). Previous results suggested that FT proteins are 
mainly localized in the vascular tissues (Liu et al., 2012), which is quite 
similar to the cellular localization of NaKR1 proteins. 
 
Although the tissue and cellular distribution of NaKR1 has been studied, 
the subcellular localization site of NaKR1 still remains a question. Next, 
we tried to transiently express NaKR1-GFP fusion proteins in N. 
benthamiana leaf epidermal cells to answer the question. The green 
fluorescent protein (GFP) fusion construct 35S:NaKR1-GFP with the red 
fluorescent protein-tagged (RFP) endoplasmic reticulum (ER) marker 
35S:ER-RFP were transiently co-expressed in N. benthamiana leaf 
epidermal cells (Nelson et al., 2007). We found that NaKR1-GFP was 
mostly colocalized with ER-RFP and also observed NaKR1-GFP signals in 
the nucleus (Figure 23A). The subcellular localization of NaKR1-GFP was 




3.4 NaKR1 interacts with FT in planta 
 
The evidence that NaKR1 and FT share a similar expression pattern, 
protein distribution and biological function leads to the question whether 
NaKR1 plays its roles with FT. The hypothesis is that NaKR1 may function 
in a complex with FT during floral transition to regulate flowering time. 
 
3.4.1 NaKR1 has a weak interaction with FT in yeast cells. 
 
To further elucidate how NaKR1 regulate floral transition, we performed 
small-scale yeast two-hybrid (Y2H) screening among known flowering 
time regulators to identify interacting partners of NaKR1. In our lab, the 
coding sequences of many flowering time genes, such as FLC, SVP, CO, 
GI, SOC1, TEM1, TEM2, SNZ, SMZ, FT, FTIP1, have been cloned into 
pGADT7 (AD) and pGBKT7 (BD) vectors (Clontech) for Y2H assays. We 
further cloned the coding sequence of NaKR1 into the AD and BD vectors. 
The resulting AD-NaKR1 and BD-NaKR1 plasmids and empty AD or BD 
plasmids were transformed together into yeast competent cells to test 
whether NaKR1 fusion proteins could self-activate genes of selectable 
markers. Experimental results showed that NaKR1 fusion proteins in yeast 
cells had no self-activation, indicating that the Y2H method can be used to 
screen interaction proteins of NaKR1. Among multiple reactions between 







Figure 23 NaKR1-GFP has a similar subcellular localization with FT-
GFP. 
(A-B) Subcellular localization of NaKR1-GFP (A) and FT-GFP (B) in N. 
benthamiana leaf epidermal cells showed NaKR1-GFP and FT-GFP have 
similar subcellular localization in the nucleus and the endoplasmic 








Figure 24 NaKR1 interacts with FT in vitro. 
(A) Schematic diagram of NaKR1domain structure. NaKR1 contains a N-
terminal domain (N) and a heavy metal-associated domain (HMA) at the C 
terminus. A yeast two-hybrid assay showed that the full-length NaKR1 and 
the truncated HMA domain of NaKR1 interact with FT on SD /-His/-Leu/-
Trp medium. 
(B) In vitro GST pull-down assay with NaKR1 and FT. Myc-tagged FT 
protein generated by an in vitro translation system was incubated with 
immobilized GST and GST-NaKR1, respectively. Immunoblot analysis 
was performed using anti-myc antibody. Control, in vitro translation 





cells transformed with plasmids containing coding sequences of NaKR1 
and FT survived on the selective medium (TDO, SD /-His/-Leu/-Trp). 
Repeated Y2H assay confirmed that the full-length NaKR1 and the 
truncated HMA domain of NaKR1 interact with FT in yeast cells (Figure 
24A). On the contrary, the N terminus of NaKR1 is not sufficient for 
NaKR1 interaction with FT (Figure 24A). However, yeast cells containing 
AD-NaKR1 and BD-FT displayed weak growth on the strong selective 
medium (QDO, SD -Ade/-His/-Leu/-Trp), indicating that the protein 
interaction between NaKR1 and FT in yeast cells is weak. 
 
3.4.2 NaKR1 interactions with FT in vitro by GST pull-down assays. 
 
Next, we used the Glutathione S-transferase (GST) pull-down assay to 
determine whether NaKR1 and FT form a protein complex in E.coli. Firstly, 
the coding sequence of NaKR1 was fused in frame with the coding 
sequence of GST. The resulting NaKR1-GST plasmid was transferred into 
E.coli BL21 competent cells and the solubility of NaKR1-GST fusion 
protein was tested by SDG-PAGE. The results showed that induced 
NaKR1-GST proteins were soluble in the supernatant of sonicated cells, 
which is the basic requirement for GST pull-down assays. In addition, full-
length FT-MYC fusion proteins were successfully in vitro translated with 
the TNT® Quick Coupled Transcription/Translation Systems (Promega). 
GST pull-down assays showed that FT can be successfully pulled down 
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by NaKR1 (Figure 24B). These data demonstrate that GST-NaKR1 binds 
to in vitro-translated full-length FT-MYC. 
 
3.4.3 Genetic and protein interactions of NaKR1 and FT in planta. 
 
The protein interaction between NaKR1 and FT was identified by in vitro 
methods. We carried out the bimolecular fluorescence complementation 
(BiFC) assay in tobacco epidermal cells by transiently co-expressing 
vectors containing the nonfluorescent fragment of the enhanced yellow 
fluorescent protein (EYFP) fused either with the coding sequence of 
NaKR1 or that of FT. If the two proteins interact with each other, functional 
EYFP would be reconstituted from the two truncated fragments fused with 
the proteins of interest. 
 
We observed EYFP fluorescence signals in tobacco epidermal cells 
compared with negative controls (Figure 25A). To further identify the 
subcellular localization of fluorescence signals, we simultaneously 
expressed 35S:ER-RFP. The RFP fluorescence signals marked the ER 
structure, which well co-localized with the EYFP fluorescence signals 
(Figure 25A). Although FT and NaKR1 were localized on the ER and in 




Figure 25 Genetic and protein interactions of NaKR1 and FT in planta. 
(A) BiFC analysis of the interaction between NaKR1 and FT. EYFP, 
fluorescence of enhanced yellow fluorescent protein; ER-RFP, RFP 
fluorescence of an ER marker; Merge, merge of EYFP, RFP and bright 
field images. 
(B) In vivo interaction between NaKR1 and FT shown by co-
immunoprecipitation. Total extracts from 9-day-old nakr1-1 gNaKR1-4HA 
and nakr1-1 gNaKR1-4HA SUC2;FT-9MYC plants were 
immunoprecipitated by anti-HA agarose. The input and 
coimmunoprecipitated proteins were detected by anti-MYC antibody. Error 
bars denote SD. 
(C) Flowering time of ft-10, nakr1-1 and ft-10 nakr1-1 as compared with 
WT grown under LDs. Values were scored from at least 20 plants of each 
genotype. An asterisk indicates a significant difference in flowering time of 
ft-10 nakr1-1 compared with that of ft-10 or nakr1-1 (two tailed Student’s t-




there is no fluorescence signal in the nuclei, indicating that protein 
interaction of NaKR1 and FT is specifically localized on the ER of living 
tobacco cells. More importantly, whether the protein interaction of NaKR1 
and FT exists in plants is still a question. To test the in vivo interaction, we 
crossed the previously established SUC2:FT-9MYC transgenic plant to the 
recently created nakr1-1 gNaKR1-4HA transgenic plant. Taking the 
advantage of nakr1-1 gNaKR1-4HA SUC2:FT-9MYC seedlings, we 
performed co-immunoprecipitation (Co-IP) analysis by extracting total 
protein from 9-day-old plants grown under LDs. The anti-HA agarose was 
used to immobilize NaKR1-4HA for immunoprecipitating FT-9MYC. The 
immunoprecipitated proteins were detected by Western blot using anti-
MYC antibody and the band of FT-9MYC was visualized on the film 
(Figure 25B). The result demonstrates that NaKR1 and FT form a protein 
complex in plant under LDs. Furthermore, the genetic interaction between 
nakr1-1 and ft-10 showed that the double mutant flowered much later than 
each single mutant (Figure 25C), indicating that NaKR1 may be required 
for regulation of other flowering components in addition to FT. These 
results strongly support that the NaKR1 and FT protein complex plays an 






Figure 26 Floral promotion of FT overexpression requires NaKR1. 
(A) Flowering time of different transgenic plants as compared with WT and 
nakr1-1 grown in LDs. Mean values of rosette leaf number are indicated 
on top of bars. Values were scored from at least 20 plants of each 
genotype. Asterisks indicate a significant difference in flowering time of 
transgenic plants in nakr1-1 background compared with that in WT 
background (two tailed Student’s t-test, *P < 0.05, **P < 0.005, ***P < 
0.001). Error bars denote SD. 
(B) Western blot analysis using anti-GFP antibody shows the comparable 
abundance of FT-GFP protein in WT and nakr1-1 plants. Ponceau S 




3.5 NaKR1 regulates FT transportation. 
 
The NaKR1-mediated regulation of flowering time through FT and 
biological function of NaKR1/FT complex during floral transition become 
our next challenge. Our findings on the interaction between NaKR1 and 
FT as well as NaKR1 localization in the vasculature guided us to 
hypothesize that NaKR1 may mediate FT transportation during the 
developmental stage of floral induction. 
 
3.5.1 Floral promotion of FT overexpression requires NaKR1. 
 
To test our hypothesis, we overexpressed FT under different promoters of 
35S, SUC2 and KNAT1 in nakr1-1.Transgenic plants of 35S:FT, 
KNAT1:FT and SUC2:FT were established previously (Liu et al., 2012). In 
KNAT1:FT transgenic plants, FT was specifically overexpressed in the 
shoot apex. Whereas in SUC2:FT transgenic plants, transcription of FT 
was precisely activated in the vasculature. These plants with FT 
overexpression flowered extremely early under LDs compared with WT 
plants (Figure 26A), due to rich abundance of FT proteins functioning in 
strongly floral promotion. By crossing representative transgenic lines to 
the nakr1-1 background, we found that the late-flowering phenotype of 
nakr1-1 could be significantly rescued by overexpression of FT (Figure 




Figure 27 Distribution of FT-9MYC is dependent on NaKR1. 
(A-B) Analysis of FT-9MYC localization in sieve elements (SE) of the first 
rosette leaves and beneath the shoot apical meristem (SAM) in 11-day-old 
SUC2:FT-9MYC and nakr1-1 SUC2:FT-9MYC transgenic plants by 
immunogold electron microscopy using anti-myc antibody. (A) FT-9MYC is 
localized in SEs in leaves and beneath the SAM. Arrowheads indicate the 
locations of gold particles. Scale bar, 1 µm. (B) The quantification (the 
upper panel) and the frequency (the bottom panel) histograms of 
appearance of FT-9MYC immunogold signals and immunogold 
background signals in either SUC2:FT-9MYC or nakr1-1 SUC2:FT-9MYC 
probed with anti-myc antibody and mouse IgG, respectively. An asterisk 
indicates a significant difference in gold particle density in SEs beneath 
the SAM in nakr1-1 background compared with that in WT background 




Interestingly, comparing flowering time of 35S:FT, KNAT1:FT and 
SUC2:FT transgenic plants with those in nakr1-1, we found that nakr1-1 
SUC2:FT flowered a little later than SUC2:FT, while early flowering of 
35S:FT and KNAT1:FT was not altered in nakr1-1 (Figure 26A). These 
results suggest that NaKR1 regulates floral induction of FT in the 
vasculature rather than in the shoot apex. Furthermore, with the 
advantage of functional SUC2:FT-GFP and SUC2:FT-9MYC transgenic 
plants reported previously (Liu et al., 2012), we observed that the 
flowering-time delay of SUC2:FT-GFP and SUC2:FT-9MYC in nakr1-1 
was more significant (Figure 26A). These results agree with our primary 
notion that the NaKR1/FT protein complex plays its roles in the 
vasculature. 
 
3.5.2 Distribution of FT proteins in the vasculature is mediated by 
NaKR1 
 
We next question the direct reason of flowering delay by FT 
overexpression in the vasculature in the absence of NaKR1. Firstly, we 
checked whether abundance of FT proteins was altered by NaKR1. To 
compare abundance of FT-GFP fusion proteins in SUC2:FT-GFP and 
nakr1-1 SUC2:FT-GFP transgenic plants, total protein extracts of WT, 
SUC2:FT-GFP and nakr1-1 SUC2:FT-GFP plants were prepared. We 
found that signals in the two different genetic background were 
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comparable through detection by anti-GFP antibody in Western blot 
(Figure 26B). Since total FT protein level did not alter in nakr1 background, 
the NaKR1/FT protein complex could serve other functions. Secondly, we 
doubted whether distribution of FT protein in the vasculature was changed 
in nakr1-1. To resolve the doubt, we performed immunogold TEM on 
SUC2:FT-9MYC and nakr1-1 SUC2:FT-9MYC transgenic lines. The 
experiment helped to investigate precise distribution of FT-9MYC fusion 
proteins in different tissues. We discovered that FT-9MYC fusion proteins 
existed in SEs of the phloem region in leaves and beneath the SAM 
(Figure 27A), which agrees with previous publication (Liu et al., 2012). 
Interestingly, we observed that the amount of FT-9MYC fusion proteins in 
each SE beneath SAM in nakr1-1 background was significantly lower than 
that in WT background by quantitative analysis of labeling density in the 
ImageJ software (Figure 27A and 27B). However, amount of FT-9MYC 
fusion proteins was at the similar level by quantitative analysis of labeling 
density when we checked SEs in the first rosette leaves in SUC2:FT-
9MYC and nakr1-1 SUC2:FT-9MYC genetic backgrounds (Figure 27A and 
27B). Therefore, in the absence of NaKR1, FT-9MYC transport in the 
phloem stream seems to be compromised and export of FT-9MYC from 
CCs to SEs in the vasculature may work well. These results suggest that 
distribution of FT proteins in the vasculature is determined by NaKR1. In 
conclusion, NaKR1 may function in the distribution of FT in the 







Figure 28 Molecular and genetic relationships between NaKR1 and FTIP1 
(A) Temporal expression of FTIP1 in developing WT plants and nakr1-1 
mutants grown under LDs. Seedlings were harvested at 5, 7, 9, 11 and 13 
days after germination for expression analysis. FTIP1 expression was 
determined by quantitative real-time PCR and normalized against TUB2 
levels. Error bars indicate SD. 
(B) Yeast two-hybrid assay of the interaction between NaKR1 and FTIP1. 
No transformed yeast cells containing AD-NaKR1 and BD-FTIP1 
constructs survived on selective SD /-His/-Leu/-Trp (middle panel) and SD 
/-His/-Leu/-Trp/-Ade (right panel) medium. 
(C) Flowering time of ftip1-1, nakr1-1 and ftip1-1 nakr1-1 as compared 
with WT grown under LDs. Values were scored from at least 20 plants of 
each genotype. An asterisk indicates a significant difference in flowering 
time of ftip1-1 nakr1-1 compared with that of ftip1-1 or nakr1-1 (two tailed 





3.6 NaKR1 mediates FT long-distance movement in the phloem 
stream 
 
Our data indicate that transportation of FT-9MYC from CCs to SEs in the 
vasculature of leaves is functional in nakr1-1 and that NaKR1 is not 
involved in regulation of FT loading at the source region. Previously, we 
showed that FTIP1 mediates FT loading to SEs (Liu et al., 2012). To 
further exclude that NaKR1 plays the role in FT loading, we tried to 
investigate the relation between FTIP1 and NaKR1 at both genetic and 
molecular levels. In the transcription level, expression of FTIP1 was not 
regulated by NaKR1 in young seedlings grown under LDs (Figure 28A). At 
the protein level, FTIP1 had no interaction with NaKR1 in the Y2H assay 
(Figure 28B). In genetic experiments, the late-flowering phenotype of 
nakr1-1 mutants was further enhanced by ftip1-1 (Figure 28C), indicating 
that FTIP1 and NaKR1 may have distinct functions in flowering-time 
control. These results suggest that NaKR1 is not a regulator in the 
process of FT loading and that NaKR1 regulates FT transport independent 
of FTIP1.  
 










Figure 29 Grafting cotyledons of FT overexpression to ft or/and 
nakr1 recipients. 
(A) Illustration of a typical cotyledon-grafting (Coty-grafting) procedure. A 
cotyledon was cut off at an angle of 30-45° in both donor (in black) and 
recipient (in white) plants. The donor cotyledon was then transferred to a 
recipient plant.  
(B) Flowering time in WT, ft-10, nakr1-1 or ft-10 nakr1-1 recipients with a 
donor cotyledon from either WT, SUC2:FT-GFP, SUC2:FT-9MYC or 
mutant of each own genotype. Flowering time of successfully cotyledon-
grafted plants was calculated. Values were scored from at least 15 plants 
of each experiment. Asterisks indicate significant difference in flowering 
time of the nakr1-1 recipient compared with that of the WT recipient cot-
grafted with a donor cotyledon of either SU2:FT-GFP or SUC2:FT-
9myc ( two tailed paired Student’s t-test,  P < 0.001). Black downward 
arrowheads indicate significant difference in flowering time of the ft-
10 nakr1-1 recipient compared with that of the ft-10 recipient cot-grafted 
with a donor cotyledon of either SU2:FT-GFP or SUC2:FT-9myc ( two 





To further investigate how NaKR1 mediates FT long-distance movement 
in the vasculature, we performed cotyledon micrografting (Cot-grafting) 
experiments in A. thaliana (Figure 29A). Previous results showed that FT 
proteins produced from a single cotyledon promote flowering time of ft-10 
recipients by the Cot-grafting method, which allows FT proteins to move 
from a single donor cotyledon to the SAM of the recipient via its native 
route (Yoo et al., 2013b). Strictly following the Cot-grafting method (Figure 
29A), we found that grafting of a WT cotyledon significantly accelerated 
the late-flowering phenotype of ft-10 recipients compared to a control of 
grafting of an ft-10 cotyledon (Figure 29B), indicating that our Cot-grafting 
surgery is successful and that FT proteins from a single cotyledon are 
sufficient to induce floral transition, which is in agreement with the 
previous report (Yoo et al., 2013b). Moreover, grafting of a cotyledon from 
transgenic plants overexpressing FT-GFP and FT-9MYC tagged proteins 
caused much earlier flowering time in WT recipients than grafting of a WT 
cotyledon (Figure 29B). These results suggest that FT-tagged proteins are 
functional and mobile as floral accelerators and that the Cot-grafting 
method is effective to reflect concise change of flowering time by using 
different plant materials. In agreement with that, ft-10 recipients with 
grafted cotyledons of either SUC2:FT-9MYC or SUC2:FT-GFP 
consistently flowered earlier than those with grafted cotyledons of WT 
plants (Figure 29B). However, in the absence of NaKR1 in recipients, 





            
Figure 30 Movement of FT-GFP from cotyledons to recipients 
requires NaKR1 
Confocal analysis of FT-GFP protein distribution in wild-type, ft-10, nakr1-
1 and ft-10 nakr1-1 recipients with a donor cotyledon of SUC2:FT-GFP. 
The red arrow indicates the petiole of the cotyledon grafted with the 
cotyledon of SUC2:FT-GFP as a donor. GFP, GFP fluorescence; Merge, 




SUC2:FT-9MYC plants was compromised (Figure 29B), indicating that FT 
long-distance movement in the phloem stream needs NaKR1. These 
results lead us to believe that NaKR1is required for FT long-distance 
movement from leaves to the SAM. 
 
3.6.2 NaKR1 facilitates FT long-distance movement. 
 
To support the above idea, we tracked FT tagged proteins in recipients 
after Cot-grafting recovery by confocal microscopy and immunogold TEM. 
Confocal microscopy results showed that FT-GFP signals were present in 
the leaf petiole vasculature of WT and ft-10 recipients but not in that of 
either nakr1-1 or nakr1-1 ft-10 recipients (Figure 30). This indicates that 
FT-GFP fusion proteins are mobile signals that move from cotyledons to 
recipients via the reconnected vasculature and that this process is 
impossible without functional NaKR1 in the vasculature. To further explore, 
the effect of NaKR1 on FT long-distance movement in the vasculature, we 
used SUC2:FT-9MYC transgenic plants as the donor of cotyledons and 
signals of FT-9MYC fusion proteins were detected by immunogold TEM. 
We discovered that the gold density in SEs beneath the SAM in nakr1-1 
and ft-10 nakr1-1 was as low as background, while WT and ft-10 had 
similar enrichment (Figure 31A to 31C). The TEM results are consistent 






Figure 31 Movement of FT-9MYC in sieve elements is dependent on 
NaKR1 
(A) Analysis of FT-9MYC localization in sieve elements (SEs) of different 
recipients. Signals of FT-9MYC exist in SEs beneath the shoot apical 
meristem (SAM) in WT, ft-10, nakr1-1 and ft-10 nakr1-1 recipients with a 
donor cotyledon of SUC2:FT-9MYC by immunogold TEM using anti-myc 
antibody. FT-9MYC was present in SEs beneath the SAM in WT and ft-10 
recipients but not in nakr1-1 or ft-10 nakr1-1 recipients. Arrowheads 
indicate the locations of gold particles. 
(B-C) Quantitative analysis of FT-9MYC immunogold signals. The 
quantification (B) and the frequency (C) histograms of appearance of FT-
9MYC immunogold signals (in white) and immunogold background signals 
(in grey) in either WT, ft-10, nakr1-1 or ft-10 nakr1-1 recipients probed with 
anti-myc antibody and mouse IgG, respectively. Asterisks indicate 
significant difference in gold particle density in SEs beneath the SAM in 
the WT and ft-10 recipients compared with that in nakr1-1 and ft-10 nakr1-
1 recipients cot-grafted with a donor cotyledon of SUC2:FT-9myc ( two 










                      
Figure 32 Phylogenetic analysis of NaKR1 homologs in A. thaliana 
and orthologs in rice Oryza sativa. 
Phylogenetic analysis of NaKR1(At5g02600)-like proteins in A. thaliana 
thaliana and in Oryza sativa. The phylogenetic tree was constructed 
based on the protein alignment of NaKR1, its two A. thaliana homologs 




Taken together, our results show that NaKR1 is expressed in the phloem 
region and that NaKR1 acts as a floral promoter via a specific chaperone 
of FT long-distance movement in the phloem stream from source leaves to 
the shoot apex in A. thaliana. 
 
3.6.3 The working model of NaKR1 mediating FT movement. 
 
In this study, we showed that an HMA domain-containing protein NaKR1 
is a key regulator for FT long-distance movement from the vasculature of 
leaves to the shoot apex under LDs (Figure 33). In response to LDs, CO 
induces NaKR1 expression in a circadian manner in the vasculature. 
Loss-of-function of NaKR1 leads to extremely late flowering under LDs. In 
response to LDs, NaKR1 expression is induced in a circadian manner in 
the phloem of cotyledons and leaves. Furthermore, NaKR1 shares similar 
mRNA expression patterns and subcellular localization with FT. In addition, 
NaKR1 interacts in vivo with FT and promotes FT movement in the 
phloem stream. Our results suggest a mechanistic model of long-distance 
florigenic movement and demonstrate that FT long-distance movement in 
the vasculature is tightly mediated and that NaKR1 is involved in 








    
Figure 33 The working model of NaKR1 mediating FT movement 
The model describes that NaKR1 regulates FT long-distance movement. 
In response to LDs, expression of NaKR1 and FT is induced by CO in the 
CCs of the leaf vasculature. NaKR1 and FT proteins are transported from 
CCs to SEs. The export of FT proteins is regulated by FTIP1 through 
plasmodesmata (PD) connecting CCs and SEs, while how NaKR1 is 
exported is unknown. In the phloem stream, NaKR1 mediates FT long-
distance movement from leaves to the SAM where FT interacts with FD to 
activate a floral integrator SOC1 in the IM and two floral meristem identity 
genes AP1 and LEAFY (LFY) in FMs to specify FMs. FM, floral meristem; 
IM, inflorescence meristem; CC, companion cell; SE, sieve element; SPP, 














Floral transition in response to photoperiod is mainly determined by the 
precise regulation of FT mRNA expression level and well-controlled FT 
protein transport, which are crucial for plants to rapidly and accurately 
adjust to changing environments to increase their reproductive success. A 
variety of recent studies have demonstrated that FT protein and its 
orthologs in different plant species are the mobile florigenic signal from the 
source leaf to the apex (Corbesier et al., 2007; Jaeger and Wigge, 2007b; 
Lin et al., 2007a, b; Mathieu et al., 2007; Tamaki et al., 2007; Notaguchi et 
al., 2008; Yoo et al., 2013a). It has been commonly accepted that FT 
proteins once synthesized in the source leaves under inductive long-day 
conditions are transported from companion cells to the sieve elements 
through long-distance transportation to be unloaded at the shoot apex. 
However, the underlying mechanism of FT movement in plants remains to 
be elucidated, except for one report that FT loading in source leaves 
requires its interaction protein FTIP1 during floral transition(Liu et al., 
2012). In this study, we showed that the LD-inductive circadian gene 
NaKR1 perceives day length via CO and acts as a chaperone to directly 
mediate FT long-distance movement in A. thaliana (Figure 32). This 
mechanism ensures the timely initiation of flowering in A. thaliana through 
regulating florigenic movement in the phloem stream from the source leaf 





4.1 NaKR1 is a novel floral promoter under LDs 
 
NaKR1 is a novel and important floral promoter of the photoperiod 
pathway based on several genetic and molecular findings. Firstly, NaKR1 
expression had a diurnal oscillation under LDs, which was mainly 
dependent on the long-day specific key floral regulator CO (Figure 12). 
Secondly, the late-flowering phenotype of nakr1-1 mutants was 
particularly obvious under LDs (Figure 7). The defect of nakr1-1 in 
flowering time is consistent with the previous report (Tian et al., 2010), and 
particularly nakr1-1 mutants are able to respond to different inductive 
conditions except for inductive long-day conditions (Figure 7 and 8). 
Moreover, different NaKR1 expression levels correlate to varying flowering 
time shown by artificial overexpression and downregulation of NaKR1 
(Figure 9). However, flowering time of nakr1-1 was much later than that of 
35S:AmiR-NaKR1 transgenic plants (Figure 9). This implies that NaKR1 
accelerates flowering in a dosage-dependent manner. Our results show 
that NaKR1 is a very important floral regulator in A. thaliana.  
 
4.2 Expression of NaKR1 has a circadian pattern under LDs 
 
In response to long-day photoperiods, NaKR1 shows a robust oscillation 
pattern of expression with an increasing trend from dawn to ZT 10 and a 
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gradual decrease afterward (Figure 12). The circadian rhythm is a very 
common character for genes in the photoperiod pathway, such as GI, CO, 
FT and so on. Expression of CO also showed an increasing trend in the 
late afternoon and the expression peak shows at about ZT 12, which is a 
little bit later than that of NaKR1. Different from NaKR1 and CO, FT is 
activated much later and its expression peak occurs at the end of long 
days (ZT 16). Interestingly, the circadian expression pattern of NaKR1 
was abolished under short-day conditions or in absence of CO (Figure 12). 
Moreover, expression of NaKR1 was quickly induced upon overexpression 
of CO (Figure 14). The results demonstrate that NaKR1 is a specific day-
dependent gene and acts downstream of the long-day key regulator CO. 
As to the daily oscillation pattern of NaKR1 expression in response to 
long-day photoperiods, it is more likely to obtain the CO binding motif 
(TGTG(N2-3)ATG)  in the genomic region of the NaKR1 locus because 
CO proteins directly and preferably bind to the DNA sequences with the 
TGTG(N2-3)ATG motifs in the promoter region of the NaKR1 genomic 
locus (Figure 15). Whether the CO binding motif in the promoter region of 
NaKR1 is required for activation of NaKR1 by CO remains to be verified 
by promoter analysis experiments.  However, how NaKR1 expression is 
tightly controlled by the light-responsive circadian clock and how its 





4.3 NaKR1 regulates flowering time independent on the sugar-
mediated signal. 
 
NaKR1 may regulate sucrose redistribution, as the sucrose level in the 
sink apex was apparently reduced in nakr1-1 (Figure 11). This is 
consistent with the previous finding of accumulated starch in leaves and 
reduced ability to translocate 14C sucrose in nakr1-1 (Tian et al., 2010). 
Recently, a variety of reports have demonstrated the complicated 
relationship between sugar transport and metabolism and photoperiodic 
flowering (Bläsing et al., 2005; Seo et al., 2011; Haydon et al., 2013; Wahl 
et al., 2013). For example, effect of exogenous sugar in high and low 
concentrations on floral transition is seemingly opposite (Ohto et al., 2001). 
In support of it, flowering of WT and nakr1-1 was found to be delayed by 
high concentration of exogenous sucrose (Figure 11). Another recent work 
clearly demonstrates that a molecule T6P in the SAM acts as a local 
signal that directly links sugar availability to floral initiation (Wahl et al., 
2013). NaKR1 is not involved in the T6P pathway, as expression of 
AtTPS1, a key regulator of the T6P pathway, was not changed in nakr1-1, 
although the sucrose level in the SAM was much lower in nakr1-1 than in 
WT (Figure 11). Defective sucrose transport may be due to phloem 
loading in nakr1-1, but FT loading into SEs in leaves was not 
compromised in nakr1-1 (Figure 27). Therefore, NaKR1 regulates 
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flowering time independent of the sugar-mediated signal. However, how 
NaKR1 mediates sugar redistribution is little known. 
 
4.4 NaKR1 is specifically active in the phloem region. 
 
NaKR1 is a tissue-specific gene as it is particularly active in vascular 
tissues of A. thaliana based on several pieces of experimental evidence. 
Expression of NaKR1 was widely present in various plant tissues and had 
a high level in leaves (Figure16). In particular, the spatial and temporal 
expression pattern of NaKR1 showed very specific localization in the 
vasculature, when examined by histochemical GUS staining in the 
gNaKR1-GUS transgenic line (Figure 17). In addition, the late-flowering 
phenotype of nakr1-1 was significantly rescued by overexpression of 
NaKR1 in the phloem region under the tissue-specific SUC2 promoter 
(Figure 18). Our results are in agreement with published microarray data 
and detailed analysis (Brady et al., 2007; Zhang et al., 2008; Tian et al., 
2010). Moreover, NaKR1 proteins were strictly localized in vascular 
tissues by confocal and TEM microscopy in functional nakr1-1 gNaKR1-
GFP and nakr1-1 gNaKR1-4HA complementation lines (Figure 19 and 20). 
These characterizations highlight that NaKR1 plays its distinct roles in the 
vasculature in association with other tissue-specific regulators in the 
photoperiod pathway, such as CO, FT and FTIP1 (Takada and Goto, 2003; 
An et al., 2004; Liu et al., 2012). 
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4.5 NaKR1 interacts specifically with FT in planta. 
 
Several pieces of evidence support that NaKR1 is a novel and specific 
interaction protein of FT in A. thaliana (Figure 15). In our lab, we are 
interested in screening interacting protein of FT to uncover how FT 
transportation is precisely regulated by Y2H screening. Based on our 
small-scale screening, FT and NaKR1 had weak interaction in yeast cells. 
Furthermore, the interaction was confirmed by in vitro GST pull-down 
assay. More importantly, with advantage of BiFC and CoIP assays, we 
double confirmed the in vivo specific protein interaction between NaKR1 
and FT. Currently, there are a limited number of FT interaction proteins 
identified in plants. NaKR1 is a novel interaction partner of FT, besides FD 
and FTIP1 (Wigge et al., 2005; Liu et al., 2012). Our identification sheds 
light on new underlying mechanisms of how FT acts as a mobile floral 
signal to regulate flowering time very precisely. The protein complex of 
NaKR1 and FT guides us to investigate how NaKR1 regulates FT 
biological function.  
We found that the HMA domain of NaKR1 interacts with FT in Y2H assay 
(Figure 24). The HMA domain is the binding site of heavy metals. It is 
interested to know if heavy metals affect the protein complex of NaKR1 
and FT in vitro and in planta. This is an open question that remains to be 
tested by other experiments.   
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4.6 NaKR1 acts a chaperone of FT long-distance movement. 
 
As to the biological function of the NaKR1 and FT complex, NaKR1 acts 
as a specific chaperone of FT long-distance movement in the phloem 
stream from source leaves to the apex, which differs from FTIP1, which 
behaves as an important regulator of FT loading into SEs from CCs in 
leaves via PDs (Liu et al., 2012). Through genetic experiments, floral 
promotion of FT overexpression in the vasculature driven by the SUC2 
promoter was found to require NaKR1 (Figure 26). Consistently, in the 
absence of NaKR1, though FT-9MYC amount in SEs in leaves was 
unaffected, its abundance in SEs beneath the SAM was significantly 
reduced (Figure 27). In addition, total protein amount of FT was not 
altered by NaKR1 (Figure 26). These data give us more confidence to 
hypothesize that NaKR1 is involved in the FT distribution. To prove the 
running hypothesis, a new grafting method known as cotyledon grafting 
has been performed between different plants. FT-9MYC and FT-GFP 
fusion proteins from donor cotyledons require NaKR1 in the recipients to 
move from the grafted cotyledons to the recipient through the vasculature 
for floral promotion of recipients (Figure 30 and 31). In other words, FT 
movement in the sieve elements in a long-distance manner is abolished 
without NaKR1. Our results support the hypothesis that FT transportation 
in A. thaliana is accurately controlled in response to inductive conditions, 
which sheds light on studies of florigenic delivery in other plant species 
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such as rice, a short-day plant. Previous studies show that the 
photoperiod pathway is crucial for rice heading date (flowering time) and 
that mechanism of how florigenic proteins regulate flowering time is 
conserved between rice and A. thaliana (Tsuji et al., 2013). However, an 
intriguing question is how FT unloading at the terminal phloem to the 
shoot apex is mediated, although a recent study has proposed that the 
process is regulated under tight control (Yoo et al., 2013a). 
 
Mechanism of FT transportation is much more complicated and 
transportation regulation must need other transportation regulators 
besides FTIP1 and NaKR1. nakr1-1 mutants still flowered earlier than ft-
10 mutants (Figure 25), and this demonstrated that NaKR1 is a major 
regulator of FT transportation. Other than NaKR1, there could be other 
factors mediating FT transportation, such as homologs of NaKR1 in A. 
thaliana (Figure 32). In addition, the ftip1-1 nakr1-1 double mutant 
enhanced the phenotype of each single mutant (Figure 25), which 
suggests that FTIP1 and NaKR1 function together in controlling FT 
delivery in plants. 
 
In summary, our study has demonstrated that NaKR1, a circadian clock-
controlled and tissue-specific gene, acts as an essential flowering 
promoter by mediating florigenic movement initiated by a long-day 
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photoperiodic signal. NaKR1 interacts with FT in planta and regulates 
transportation of FT tagged proteins in the phloem stream between grafted 
plants. Thus, NaKR1 functions as a chaperone of FT long-distance 
movement from the source leaves to the shoot apex to promote flowering 
under LDs in A. thaliana.  
 
4.7 Future work 
 
NaKR1 is an important regulator in different developmental stages of 
Arabidopsis. As to NaKR1-mediated regulation of flowering time, we still 
have some open questions that need to be addressed in the future. 
 
Although our results show that circadian expression of NaKR1 is 
determined by CO, it is necessary to investigate the temporal and spatial 
expression pattern of gNaKR1-GUS in 35S:CO and co-1 genetic 
backgrounds. Furthermore, the CO binding site in the promoter region of 
NaKR1 needs to be verified by detailed promoter analysis. Truncated 
versions of gNaKR1-GUS should be prepared and corresponding GUS 




NaKR1 and FT have in vitro and in vivo protein interaction. In addition, the 
HMA domain of NaKR1 interacts with FT in Y2H assay. According to 
current knowledge, the HMA domain is the binding site of heavy metals. 
We are interested to know if heavy metals affect the protein complex of 
NaKR1 and FT in vitro and in planta. The in vitro protein interaction of 
NaKR1 and FT may be tested in GST-pull down assays by changing 
heavy metals in the IP buffer. As to the in vivo protein interaction, 
transgenic plants of nakr1-1 gNaKR1-4HA SUC2:FT-9myc and nakr1-1 
gNaKR1-4HA need to be grown with treatment of heavy metals and 
amount of in vivo protein interaction will be tested using Co-IP.  
 
NaKR1 acts as a chaperone of leaf-to-apex FT transportation. For further 
confirming the finding, it is possible to test if NaKR1-FT fusion proteins are 
able to rescue ft-10, nakr1-1 and ft-10 nakr1-1 mutants. In the meanwhile, 
cot-grafting experiment by using the cotyledons of transgenic plant 
overexpression NaKR1-FT fusion proteins may be performed in ft-10, 
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